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I, SEAN MASON, as evidenced by my signature below, declare the following: 

1. I am a Molecular Biologist, having received my Ph.D. degree in 1993, after which I 
was a postdoctoral fellow with the ICRF (now CRUK) at the Molecular Oncology Unit, 
Hammersmith Hospital, London. Following this, I was a Senior Scientist at Acambis in 
Cambridge, UK before joining Oxford Glycosciences and becoming Group Leader in the 
Therapeutic Antibody Dept. I am currently employed as a Senior Group Leader in the Oncology 
Biology Dept of UCB, Slough, Berks, UK. 

2. My curriculum vitae is attached hereto as Exhibit A. 

3. My principal area of research is the characterization, validation and pre-clinical 
evaluation of therapeutic antibodies for human cancer. 

4. I am not an inventor of subject matter claimed in the above-referenced patent 
application. 
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Statements Regarding Adequacy of the Disclosure 
to Enable Practice of the Invention 

5. I have read and am familiar with the Official Action dated August 24, 2007, 
received in connection with United States Serial No. 10/575,31 1 (hereinafter "the '311 
Application"). I understand the nature of the rejections made by the Examiner concerning 
adequacy of the disclosure to enable one skilled in the art to practice the invention. 

Responsive to the Examiner's statements pertaining to the potential for an anti-CDCPl antibody 
to provide therapy through recruitment of immune effector mechanisms, modulation of CDCP1 
function or via a toxin conjugated antibody, I offer the following experimental evidence. In 
short, the experimental data demonstrate that binding and/or internalization of the 
antibody/polypeptide complex leads to cell death. Moreover, the results presented herein are 
fully supportive of the ability of unconjugated anti-CDCPl antibody to be effective as an ovarian 
cancer therapy. 

6. In vitro and in vivo antibody-mediated lysis of cell lines expressing CDCP1. 

Antibodies specific for the extracellular domain (ECD) of CDCP1 and the fluorescent molecule 
fluorescein isothiocyanate (FITC) were derived from a phage display library. The CDCP1- 
specific antibody is designated Ab 002-G07, whereas the control antibody is referred to as the 
anti-FITC isotype control Ab. Both the CDCP1 -specific and isotype control antibodies were 
comprised of human variable regions fused to a human IgGl constant region. These antibodies 
were used in the antibody-dependent cellular cytotoxicity (ADCC) assay described below. 

ADCC assays performed using these antibodies revealed that the human ovarian tumour cell line 
line SKOV-3, is lysed in the presence of the CDCP1 -specific antibody (Ab 002-G07) in an 
antibody dose-dependent manner. The anti-FITC isotype control Ab has essentially no effect in 
this assay. Data from an example of such an assay are shown in Fig. 1 (Appendix B). The 
methodological details are set forth briefly as follows: monolayer SKOV-3 target cells (TC), 
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maintained in growth medium (McCoysSA /10%FBS /2mM glutamine), were harvested from 
culture flasks, washed and incubated with the labeling reagent BATDA (Perkin Elmer Life and 
Analytical Sciences, Inc, MA, USA) for 25 minutes at 37°C in a humidified, 5% CO2 incubator. 
The cells were washed five times in growth medium and distributed in 100|Lil aliquots, each 
comprising 10,000 cells, into wells of a 96 well tissue culture plate. After adhering for 
approximately 1 hour at 37°C, the medium was replaced by growth medium (100^x1) containing 
the test antibody where appropriate. 

Peripheral blood mononuclear cells (PBMC) from freshly-harvested human blood were isolated 
by density centrifugation using Ficoll-Paque and comprised the effector cells (EC). Following 
isolation, the EC were resuspended in growth medium at 5xl0 6 cells/ml and 100(^1 aliquots were 
transferred to the labeled target cells. The plates were incubated at 37°C in a humidified, 5% CO2 
incubator for 2 hours before being centrifuged for 5 minutes at 250 x g. 20\xl supernatant was 
transferred to a 96 well assay plate to which 200|li1 of DELFIA® Europium solution (Perkin 
Elmer Life and Analytical Sciences, Inc, MA, USA) was added. The plate was incubated for 15 
minutes at room temperature before being read in a time-resolved fluorimeter. Fluorescence 
signal is proportional to the quantity of labeling reagent released from TC and hence to cell lysis. 

A number of control wells were included to enable accurate assessment of antibody-dependent 
lysis. Spontaneous release of labeling reagent from TC was determined by incubating lOOjal TC 
with 100|Lil of assay medium without addition of EC or antibody. Maximum lysis was determined 
by incubating 100|il TC with lOOjal assay medium supplemented with lysis buffer (10% final 
concentration, Lysis buffer supplied with the DELFIA® EuTDA Cytoxicity Assay Kit, Perkin 
Elmer Life and Analytical Sciences, Inc, MA, USA), without addition of EC or antibody. 
Control wells comprising 1 OOjal TC and antibody and 1 00(al assay medium without addition of 
EC permitted the detection of effects of antibody treatment alone. Specific lysis was calculated 
using the formula: 

((Experimental release - Spontaneous release) / (Maximum release - Spontaneous release))xl00. 
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Further to the in vitro ADCC assays, the efficacy of the CDCP1 -specific antibody (002-G07) 
was examined in an experimental metastasis model using B16 F10 murine melanoma cells in 
athymic nude mice where the site of the metastatic tumour is in the lung. Development of 
metastases in the lung resulting from the inoculation of murine B16 F10 melanoma cells into the 
tail vein of mice is a well-established model where treatment with the TA-99 Ab (specific for the 
gp75 melanoma antigen present on the surface of the B16 F10 cells) has been extensively shown 
to reduce drastically the number of metastases which form in the lung (Hara, I. et al, J Exp Med. 
1995, 182: 1609-1614; Takechi, H. et al, Clin Cane Res. 1996, 2: 1837-42; Clynes, R. et al, 
PNAS 1998, 95 652-6; Clynes, R. and Ravetch, J. Nat Med. 2000 6(4): 443-6; Nimerjahn, F. and 
Ravetch, J. Science 2005, 310: 1510-1512; van Spriel, A. et al, Blood 2003, 101(1): 253-8; 
Bevaart, L. et al Cane Res. 2006, 66(3): 1261-4). A variant of the B16 F10 cell line, B16F10- 
Luc, engineered to stably express luciferase, has been developed by Xenogen (Caliper Life 
Sciences, Mountain View, CA). Administration of luciferin to B16 FlO-Luc tumour-bearing 
mice permits the in s/Yw-quantitation of tumour growth by detection of a bioluminescent signal 
using imaging technology (e.g. IVIS® imaging systems, Xenogen/Caliper Life Sciences). The 
existence of such a system has permitted the development of a universal model of tumour growth 
in mice. Therefore, the expression of a desired antigen on B16 F10 cells which can then be 
targeted by an antibody specific for that antigen allows the assessment of the efficacy of 
antibodies in the treatment of a cancer expressing that antigen. For example, Lutterbuese et al 
(Cancer Immunol Immunother. 2007;56(4):459-68) have generated a B16 F10 cell line that 
stably expresses the antigen EpCAM, a pan-carcinoma antigen, and utilized this clone in the 
above-described metastasis model format. In this system, administration of an anti-EpCAM 
antibody was shown to decrease significantly the number of metastases in the lung as compared 
to an isotype control antibody suggesting that antibodies targeted against EpCAM may be useful 
in the treatment of carcinoma. Antibodies directed toward EpCAM have been the subject of 
trials for prostate cancer (Oberneder et al. 2007, Eur. J. Cancer. 42:2530-2538), metastatic breast 
cancer (Adecatumumab, from Micromet) and colorectal cancer (Edrecolomab, from Centocor). 
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In light of its proven utility, the B16 F10 model system described above has been developed with 
respect to CDCP1 to enable monitoring of in vivo studies through the use of bioluminescent 
imaging technology. Thus, B16 FlO-Luc cells were stably transfected to express human CDCP1 
and a clonal cell line (clone O) was selected that expresses CDCP1 (Fig. 2a, Appendix C) and 
maintains expression of gp75 (Fig. 2b, Appendix C) and luciferase (Fig. 2c, Appendix C). In 
vitro ADCC assays revealed that this clone is susceptible to lysis mediated by Ab 002-G07 (Fig. 
2d, Appendix C). Moreover, in vivo experiments demonstrated the ability of clone O cells to 
establish metastases expressing CDCP1 in the lung that could be detected and quantitated by 
bioluminescence imaging. 

The efficacy of Ab 002-G07 was examined in an in vivo study utilizing the above model system. 
Groups of 9 nude mice were injected via the tail vein with 5xl0 5 clone O cells on day 0 and 
treated with lOOjag of either anti-CDCPl Ab 002-G07, anti-FITC isotype control Ab, anti-gp75 
TA-99 Ab or 100|al vehicle (PBS) on days 0, 2, 5, 7, 9, 12 and 14. The CDCP1 and isotype 
control Abs comprise human sequence variable regions fused to murine IgG2a constant regions, 
whilst TA-99 is a fully murine IgG2a Ab. In vivo imaging of the injected cells was carried out at 
several time points during the course of the study. Luciferin (Caliper Life Sciences) was injected 
intraperitoneally (4.5mg in PBS), the animals anaesthetised and the bioluminescent signal 
quantitated using an IVIS® Imaging System 200 Series imager. Animals were sacrificed on day 
17, lungs harvested and the metastatic lesions counted under a dissecting microscope. 

A dramatic reduction in the bioluminescent signal was observed in mice treated with the anti- 
CDCPl antibody 002-G07, or TA-99, as compared to both the isotype control and PBS groups, 
indicating a decreased tumour burden in the lung (Fig. 3 a, Appendix D). Manual quantitation of 
tumour metastases in the lung post mortem confirmed these findings. Analysis using ANOVA 
followed by Dunnet's post-test revealed the statistical significance of these data (p< 0.05 for 

002-G07 Ab compared to isotype control or vehicle control groups) (Fig. 3b, Appendix D). 
Hence, the two methods for analyzing tumour burden are in good agreement. 
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The data presented in this Declaration, therefore, show that a CDCP1 -specific antibody is able to 
mediate the lysis of ovarian cancer cells in vitro and drastically decrease tumour growth and/or 

establishment in vivo of cells that express CDCP1 . In turn, this suggests that an antibody able to 
bind CDCP1 could target tumours that express this antigen and provide a therapy through 
recruitment of immune effector mechanisms, modulation of CDCP1 function, or a combination 
of both processes. 

7. All statements made herein of my own knowledge are true and all statements 
made on information and belief are believed to be true; and further these statements were made 
with the knowledge that willful false statements and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the United States Code; and that such 
willful false statements may jeopardize the validity of the application, or any patent issuing 



thereon. 
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EXHIBIT A 



CURRICULUM VITAE 
Sean Mason 



profile : / 

I am a molecular/cell biologist with 1 1 years experience in the biotechnology industry in 
the fields of oncology and allergy. The allergy research focused upon IgE and the 
development of a potential active vaccine to combat this disease. My current 
responsibilities are focused on the identification, validation and pre-clinical progression 
of candidate therapeutic antibodies specific for tumour-associated antigens. Validation 
of putative tumour antigens as viable targets also forms part of the research effort of my 
group. I am currently leading a collaboration with an antibody based company. 

EMPLOYMENT 

July 2001 - present UCB, 216 Bath Road, Slough, BERKS. SL1 4EN 

Position: Senior Group Leader Oncology Biology 

Responsibilities: Research group of 6: 2 Senior Scientists (PhD), 

4 Scientists (Graduate) 

• Joined OGS in 2001 (OGS acquired by Celltech in 2003; UCB acquired Celltech in 
2004). 

• Responsible for directing, organising and prioritising the research activities of the 
Group. This includes: identification, selection and characterisation of candidate 
therapeutic antibodies to a number of tumour antigens. Progression of Abs to pre- 
clinical proof of efficacy studies. 

• Responsible for development of Group members. 

• Project Leader for 2 projects - includes co-ordinating research activities across 
several departments. 

• Lead the collaboration with Biolnvent. Played a lead role in establishing the working 
relationship with Bl. Previously (during OGS employment) involved extensively in 
Medarex collaboration. Represent research at quarterly Joint Steering Committee 
meetings. 

• Identified and progressed lead candidate in first therapeutic antibody project at OGS 
to IND submission stage: in vitro assays, in vivo xenograft models, selection of 
toxicity study species, development of lot release and PK assays for lead mAb. 

• Group research activities include antibody selection screens, functional cell based 
assays, IHC, in vitro assays, in vivo model development. 

1/3 
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June 1996 - July 2001 Acambis pic, Peterhouse Technology Park, 100 Fulbourn 

Rd, Cambridge. CB1 9PT. 

Position: Senior Scientist 

• Main project involved development of an active vaccine to combat allergy. Initial 
responsibilities included reagent production (recombinant proteins) and assay 
development (in vitro and cell line based) to enable characterisation of key mAbs 
and polyclonal sera. 

• Epitope identification and subsequent mimotope development for several mAbs. The 
epitopes/mimotopes were expressed in a biological display system for candidate 
vaccine identification and development. 

• Introduced a structural biology focus to the project that led to the identification of the 
lead vaccine candidate. 

• In addition to practical work, I was involved in directing project strategy and liaising 
with our collaborators with whom I worked closely in the production of two patents. 
Patents currently continued. 

• Co-ordinated final research phase of project. 

• Supervisory duties across several projects 

• Final project aimed to express heterologous antigens in Salmonella. 

Jan 1993 - June 1996 Imperial Cancer Research Fund Molecular Oncology 

Laboratory, Hammersmith Hospital, London. W12 ONN. 
Head of laboratory: Prof W J Gullick 

Position: Postdoctoral Research Fellow 

• Cloning, expression and characterisation of a single-chain antibody fragment (scFv) 
to the epidermal growth factor receptor for the purpose of tumour imaging. Large 
scale production of this scFv was being developed at the Hybridoma/Service 
department of the ICRF in preparation for a small scale trial to image bladder 
tumours. Tumour targeting studies in vivo (mouse model) formed part of the 
research. 

• Generation of scFv-fusion proteins for potential therapeutic purposes. 

• Inhibition of dimerisation of the neu oncogene product by the expression of targeted 
peptides. 
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EDUCATION . 

Oct 1987 - Mar 1992 University of Warwick, Coventry, West Midlands 

PhD "Mapping the Cell Binding Domain of the a1 Protein of 
Reovirus" 

Supervisor: Prof M A McCrae 

1984 - 1987 University of Sussex, Falmer, Brighton 

BSc (Hons) Biochemistry (2.1) 
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receptor antagonist argos. Int J Oncology 10, 677-682. 
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expression of a scFv directed to the EGFR leads to growth inhibition of tumour cells. 
Oncogene 13 275-282. 
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Patents 

Epitopes or mimotopes derived from the c-epsilon-2 domain of IgE, antagonists thereof, 
and their therapeutic uses (WO 00/50460) 

Epitopes or mimotopes derived from the c-epsilon-3 or c-epsilon-4 domains of IgE, 
antagonists thereof, and their therapeutic uses (WO 00/50461) 

Human monoclonal antibodies to heparanase. Filed Nov 2002 (Patent no. 
WO2004043989) 
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APPENDIX B 
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Figure 1: ADCC of SKOV-3 cells mediated by CDCPl-specific Ab 002-G07 

Antibody 002-G07 shows a dose-dependent effect in an in vitro ADCC assay utilising SKOV-3 target 
cells and human PBMC as effector cells. Effector: target cell ratio was 50:1. No specifc lysis was 
observed with the isotype control antibody at either 50 or 10|ig/ml. 
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Figure 2: Characterisation of the clonal B16F10-Luc Clone O cell line. 

A: To confirm expression of CDCP1, Clone O cells were labelled with lOjig/ml CDCP1 -specific Ab 
002-G07 (white) or FITC-specific isotype control (black). Antibody binding was detected using an 
Alexa488 fluorophore-conjugated secondary antibody and flow cytometry. B: To confirm expression 
of gp75, Clone O cells were stained in a similar manner using the gp75-specific Ab TA99 (White) or 
FITC-specific isotype control (black). C: To confirm expression of luciferase, Clone O cells were 
seeded at various densities in a 96 well plate format and luminescence measured using Steady-Glo 
Luciferase Assay System, according to the manufacturer's instructions (Promega). D: To confirm the 
susceptibility of clone O cells to ADCC, BATDA-labelled cells were exposed to Abs in the presence of 
human PBMC effectors cells and % specific cell lysis determined as described in this declaration. 
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Figure 3: CDCPl-specific Ab 002-G07 inhibits growth of B16F10Luc Clone O cells in mice 

Mice were injected with cells via the tail vein and treatment with lOOug of 002-G07, TA-99 or isotype 
control antibody or PBS. Treatment was continued three times per week for 15 days. A: Lung tumour 
growth was quantitated by bioluminescence detection or B: by manual quantitation post mortem. 
CDCP 1 -specific antibody 002-G07 or TA-99 significantly reduced tumour burden compared to isotype 
control- or PBS-treated mice (p<0.05 One-way ANOVA with Dunnett's post-test). 
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Brief Definitive Report 



Implicating a Role for Immune Recognition of Self 
in TUmor Rejection: Passive Immunization against the 
Brown Locus Protein 

By Isao Hara,YoshizumiTakechi, and Alan N. Houghton 



From the Memorial Sloan- Kettering Cancer Center, New York 10021 
Summary 

The immune system can recognize differentiation antigens that are selectively expressed on 
malignant cells and their normal cell counterparts. However, it is uncertain whether immunity 
to differentiation antigens can effectively lead to tumor rejection. The mouse brown locus pro- 
tein, gp75 or tyrosinase-related protein 1 , is a melanocyte differentiation antigen expressed by 
melanomas and normal melanocytes. The gp75 antigen is recognized by autoantibodies and au- 
toreactive T cells in persons with melanoma. To model autoimmunity against a melanocyte 
differentiation antigen, mouse antibodies against gp75 were passively transferred into tumor- 
bearing mice. Passive immunization with a mouse monoclonal antibody against gp75 induced 
protection and rejection of both subcutaneous tumors and lung metastases in syngeneic 
C57BL/6 mice, including established tumors. Passive immunity produced coat color alterations 
but only in regenerating hairs. This system provides a model for autoimmune vitiligo and 
shows that immune responses to melanocyte differentiation antigens can influence mouse coat 
color. Immune recognition of a melanocyte differentiation antigen can reject tumors, provid- 
ing a basis for targeting tissue autoantigens expressed on cancer. 



Experimental evidence shows that the immune system 
can recognize antigens expressed by cancer cells. Re- 
cently, the isolation of genes encoding cancer antigens has 
led to the identification of these molecules (1-3). From 
these studies, a paradigm emerges in which the immune 
repertoire recognizes a set of self-antigens, termed differen- 
tiation antigens, expressed by malignant cells but also by 
their normal cell counterparts (3—5). 

The immune response to melanoma has been studied 
more extensively than that to any other human cancer. 
Dissection of the immune response to melanoma has 
shown that differentiation antigens expressed by normal 
melanocytes and related neuroectoderm-derived cells are 
dominant antigens recognized by the immune system (3, 
5—16). Among the best-characterized melanoma autoanti- 
gens are proteins of the tyrosinase family. Tyrosinase (the 
product of the albino locus) is the prototype molecule, and 
other members include gp75 or tyrosinase-related protein 1 
(the product of the brown locus) and gplOO (the presumed 
product of the silver locus) (17—19). These molecules, plus 
the MelanA/MART-1 antigen, are all melanocyte-specific 
molecules recognized by the immune system of melanoma 
patients (8, 9, 11-16). The question of whether immune 
recognition of self (differentiation antigens) can lead to tu- 
mor rejection arises. In particular, we considered whether 
immunity to melanocytes can actually lead to rejection of 
melanoma, and whether there are sequelae in normal tis- 
sues chat contain melanocytes. 



Materials and Methods 

Mice and Tumors. C57BL/6 (6-8 wk-old females) were ob- 
tained from The Jackson Laboratory (Bar Harbor, ME). B16F10 
is a mouse melanoma cell line of C57BL/6 origin kindly pro- 
vided by Dr. Isaiah Fidler (M.D. Anderson Cancer Center, 
Houston, TX) (20). B78H.1 is a variant of B16 melanoma that 
does not express the gp75 antigen. JBRH is a melanoma from 
C57BL/6 provided, by Dr. P. Livingston (Memorial Sloan-Ket- 
tering, NY). Other tumors derived from C57BL/6 mice include 
the RMA and EL-4 lymphomas, Lewis lung carcinoma, and 
MC58 sarcoma (from Dr. J. Nicolic-Zugic, Memorial Sloan- 
Kettering, NY). All animal experiments and care were in accor- 
dance with institutional guidelines. 

For subcutaneous tumors, tumor cells were injected subcuta- 
neously in the mouse flank. B16F10 melanoma cells (5 X 10 4 
cells), B78H.1, RMA, EL-4, JBRH, and Lewis lung carcinoma 
(10*— 10 6 cells) were injected subcutaneously in 0.1 ml normal sa- 
line into the flank of syngeneic C57BL/6 mice. Tumors were 
checked at least four times per week by palpation and inspection. 
For each tumor type, palpable tumors formed in 10—21 d. For 
B16F10 melanoma lung metastases, C57BL/6 mice were injected 
intravenously through the tail vein with 1 X 10 5 B16F10 mela- 
noma cells in sterile saline. For deputation experiments, C57BL/6 
mice were depilated on the day before starting treatment over the 
posterior flank and observed for coat color. The same results were 
observed if the coat was plucked manually under anesthesia or 
depilated with hair remover (]MC, Inc., Tokyo). 

Mice were treated intraperitoneally with mAb TA99 or con- 
trol mouse IgG2a mAb UPC10 diluted in 0.3-0.4 ml of normal 
saline. TA99 mAb was purified from mouse ascites by protein A 
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affinity column. F(ab') 2 fragments of mAb TA99 were produced 
by digestion with pepsin and purification over protein A Sepharose 
(Pharmacia Biotech, Inc., Piscataway, NJ). Control lgG2a mAb 
UPC10 was from Sigma Chemical Co. (St. Louis, MO). Injec- 
tion with control mAb UPC 10 did not induce any difference in 
growth of B16F10 melanoma compared with untreated control 
mice. For subcutaneous tumor measurements, the longest surface 
length (a) and its perpendicular width (b) were measured, and tu- 
mor size reported as a X b. For lung metastases, at 16-20 d after 
tumor challenge, mice were killed and surface lung metastases 
were scored and counted as black nodules under a dissecting mi- 
croscope. Surface lung metastases were detected by day 4—7 under 
a dissecting microscope and by day 7-10 by eye. For histologic 
evaluation, tissues and tumors were fixed in formalin solution, 
blocked in paraffin, sectioned every 4 u,m, and stained with he- 
matoxylin and eosin. Statistical analysis of tumor growth was per- 
formed using the Student's f test or Bonferroni two-sided t test, a 
conservative analysis to allow for multiple comparisons. 

Antibody Treatments In Vivo. Depletion of T cells in vivo was 
accomplished by intraperitoneal administration of rat mAb GK1 .5 
(anti-CD4; lgG2b) and mAb 2.43 (anti-CD8; IgG2b), and 
Thyl.2 + cells by mAb 30-H12 (produced by hybridomas from 
the American Type Culture Collection, Rockville, MD). These 
niAbs were used as ascites fluids (titer >1 : 10,000 by staining of 
mouse thymocytes by flow cytometry). mAb preparations (0.2 
ml) were injected intraperitoneally at day —3 and every 7 d 
thereafter. Throughout experiments, these treatments depleted 
respective T cell subpopulations and Thy-1 + populations >97% 
as determined by indirect immunofluorescence staining and cyto- 
fluorometric analysis of lymph nodes and thymocytes with mAbs 
GK1.5 (CD4), 2.43 (CD8), or 30-H12 (Thyl.2). Natural killer 
(NK) cell depletion was performed using mAb PK136 (anri-NK- 
1.1) (American Type Culture Collection). Antibody (0.2 ml) was 
injected intraperitoneally at day —3 and every 7 d thereafter. De- 
pletion of NK cells was assessed by 4-h 51 Cr-releasc assays with 
5,000 YAC cells as targets and spleen cells as effector cells at 
effector-to-target ratios of 100:1, 50:1, and 25:1, and deple- 
tion was shown to abrogate completely detectable NK activity. 
For depletion of complement, mice were injected intraperito- 
neally with 10 U cobra venom factor (Diamedix Corp., Miami, 
FL) on day —1 and every 4 d. Depletion of complement in 
sera of treated mice was verified using lysis of sensitized rabbit 
RBC (21). 

Expression of gp75 Antigen on B16F10 Melanoma. Intracellular 
expression of gp75. was determined using mAb TA99 in indirect 
immunofluorescence assays against B16F10 melanoma cells fixed 
and permeabilized in methanol/acetone (1 : 1) at 4°C for 15 rnin. 
Intracellular expression was confirmed by immunoelectron mi- 
croscopy using protein A-labeled colloidal gold particles as de- 
scribed (22). Cell-surface expression was shown by binding of 
mAb TA99 to intact, live B16F10 cells by eniyme-linked immu- 
noassay (titer > 1/10,000) and by protein A-mixed hemadsorp- 
tion assay (titer >1/5,000) (5, 22). 



Results and Discussion 

Syngeneic mouse tumor models were established to ex- 
amine whether immunity against antigens expressed on 
normal melanocytes and melanoma can lead to tumor re- 
jection. The brown locus product, gp75, was the target anti- 
gen in these models. The gp75 autoantigen is relevant because 
it is potentially immunogenic in persons with melanoma, 



recognized on melanomas by both autoantibodies and au- 
toreactive T cells (8, 9). The mouse mAb TA99 binds to 
both human and mouse gp75 and reacts with normal mel- 
anocytes and melanoma but does not react with other tis- 
sues (22). TA99 mAb has been shown to localize efficiendy 
to melanoma xenografts in mice (tumor/normal tissue ra- 
tios > 100:1 to 10 5 :1), showing that systemic administra- 
tion of antibody against gp75 can specifically localize to tu- 
mor sites (23). 

The gp75 + B16F10 melanoma is a spontaneously aris- 
ing tumor that is very weakly immunogenic in syngeneic 
C57BL/6 mice. B16F10 cells from fresh tumors express 
gp75 in melanosomes within the cell and on the cell surface 
(see Materials and Methods). Incubation of mAb TA99 (up 
to 600 jxg/ml for 7 d) with B16F10 melanoma cells in vitro 
did not affect the cell growth, morphology, or pigmenta- 
tion. Mice were challenged subcutaneously with B16F10 
melanoma and treated with either mAb TA99 or isotype- 
matched control mAb UPC10. With this tumor challenge, 
B16F10 uniformly forms palpable tumors in ~2 wk. Tu- 
mors were rejected in mice treated with mAb TA99 but 
not in control mice (Fig. 1). Protection against tumor 
growth was observed with doses of mAb TA99 as low as 
37.5 jxg, but optimal protection was seen with doses of 
2*150 jxg mAb TA99 (Fig. 2). Tumor protection was ob- 
served beyond 50-70 d. 

This antitumor effect was specific for tumors that ex- 
pressed gp75 antigen. Tumor protection was seen for the 
gp75 + JBRH melanoma after subcutaneous challenge in 
syngeneic C57BL/6 mice (time to median appearance of 
tumors delayed by >31 d). However, no antitumor effects 
were observed in syngeneic C57BL/6 mice with a gp75~ 
variant of the parental B16 melanoma (B78H.1 melanoma), 
nor with other subcutaneous gp75~ tumors, including EL4 
lymphoma, RJvlA lymphoma, Lewis lung carcinoma, or 
MC58 sarcoma. 

Intravenous injection of B16F10 leads reproducibly to 
lung metastases (20, 24). Treatment with mAb TA99 mark- 
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Figure 1. Protective immunity induced by mAb TA99 against B16F10 
melanoma cells. Melanoma cells (5 X 10 4 ) were injected subcutaneously 
into the flanlc of C57BL/6 mice. Mice were treated intraperitoneally with 
(A) control mouse IgG2a mAb UPC10 or (B) mAb TA99, injected at a 
dose of 150 u,g (days 0, 2, 4, 7 t 9, and 11). There were eight mice in each 
group. Treatment with mAb TA99 produced a significant increase (P 
<0.0001, Bonferroni cwo-sided t test) in proportion of tumor-frce mice. 
Each symbol in A represents an individual mouse. In group B, eight mice 
were treated with mAb TA99, and only one mouse developed palpable 
tumor (•). 
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Figure 2. Protective immunity 
by different doses of mAb TA99 
against B16F10 melanoma. Mice 
were treated with 150 jig of 
control mAb UPC 10 (#) or 
mAb TA99 at 150 pLg (■), 75 
M-g (A), or 37.5 \Lg (▼) per dose 
as described in the legend of Fig. 
1. There were six to eight mice 
in each group. Mice were scored 
as tumor free or rumor bearing, 
and the proportion of tumor- 
bearing mice (ratio of tumor- 
bearing/total number of mice 
per group) was calculated for 
each time point. 



edly reduced the number of lung surface metastases even at 
individual doses as low as 50 jxg (Fig. 3 A and data not 
shown). Injection of F(ab') 2 fragments of mAb TA99 did 
not have any effect on the number of B16F10 metastases, 
supporting a crucial role for the Fc portion of mAb TA99 
in antitumor effects (data not shown). 

We asked whether treatment with mAb TA99 would 
have antitumor effects in established metastases. Delaying 
treatment with mAb TA99 for 2-7 d after challenge with 
B16F10 still induced substantial protection against me- 
tastases but required higher doses of mAb TA99 (P <0.001, 
paired Student's t test at 7 d) (Fig. 3 B). Effects of mAb 
TA99 were also observed on growth of subcutaneous 
B16F10 melanoma when treatment was delayed 4 d after 
tumor challenge (median time to appearance of tumor in- 
creased by 14 d), and slightly but reproducibly when treat- 
ment was delayed 7 d (median time to appearance of tumor 
increased 6 d). 
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Figure 3. Antitumor effects 
of mAb TA99 on B16F10 lung 
metastases, including established 
metastases. Syngeneic C57BL/6 
mice were injecced intravenously 
through the tail vein with 
B16F10 melanoma cells. Mice 
were treated intraperitoneally 
with control mAb UPC 10 or 
mAb TA99. 18 d after tumor 
challenge, mice were killed, and 
surface lung metastases were 
scored. There were eight to nine 
mice in each group. (A) mAb 
TA99 and control mAb UPC 10 
were administered at a 150-p£ 
dose (days 0, 2, 4, 7, 9, and 11). 
(B) 600- M-g doses of mAb TA99 
were given three times per week 
for 2 wk starting on day 0 (6 h 
after tumor challenge), day 2, 
day 4, or day 7; a 600- u,g dose of 
mAb UPC 10 was given on days 
0, 2, 4, 7. 9, and 11. Error bars 
represent 1 SD. 



Histologic examination of residual B16F10 subcutaneous 
lesions and metastatic lung lesions in mice treated with 
mAb TA99 showed occasional infiltration of lymphocytes 
and macrophages, compared with no mononuclear or in- 
flammatory infiltrates observed in control mice. To assess 
what components of the immune or inflammatory system 
might be involved in tumor rejection, T lymphocyte sub- 
sets, complement, or NK cell populations were depleted 
before challenge with tumor cells. Depletion of CD8 + T 
cells and complement did not alter tumor rejection medi- 
ated by mAb TA99 (Fig. 4 shows results for lung me- 
tastases; data not shown for subcutaneous tumors). Deple- 
tion of CD4 + cells partially decreased rejection of B16F10 
lung metastases by mAb TA99 (Fig. 4) (depletion of CD4 + 
cells without mAb TA99 treatment did not affect the num- 
ber of B16F10 metastases; data not shown) but did not af- 
fect growth of subcutaneous B16F10 tumors. 

Depletion of an NK1.1 + cell population appeared to ab- 
rogate the protective effect of mAb TA99 in both meta- 
static B16F10 in the lung (Fig. 4) and subcutaneous B16F10 
tumors (data not shown), supporting a role for NK cells in 
tumor rejection mediated by mAb TA99. NK1.1 + cells ap- 
pear to provide natural immunity against B16F10 lung me- 
tastases (24). We further examined the role of NK1.1"** cells 
in the lung metastases model (using the same experimental 
design described in Fig. 5 with six to eight mice per 
group): (a) Depletion ofNKl.l* cells from C57BL/6 mice 
led to a significant increase in the number of metastases 
(mean 314 ± 58 metastases) compared with control unde- 
pleted mice (136 ± 25 metastases); (b) treatment with mAb 
TA99 markedly decreased metastases (12 :r 11 metastases); 
and (c) the number of lung metastases in mice treated with 
mAb TA99 and also depleted of NK1.1 + cells was signifi- 
cantly greater (mean 186 ± 42) than in mice treated with 
TA99 alone (12 ± 11), but not as great as the number of 
metastases in untreated NK 1.1 -depleted mice (314 ± 58). 
These results suggested that other components of the host 
in addition to NK cells, such as CD4 + cells (Fig. 4), partic- 



Figure 4. Evaluation of potential 
effector functions in rejection of 
B16F10 lung metastases induced by 
mAb TA99 (see legend of Fig. 3 for 
methods). C57BL/6 mice were 
challenged intravenously with mela- 
noma cells and treated with 150-u.g 
doses of control mAb UPC10 or 
mAb TA99 (days 0, 2, 4, 7, 9, and 
11). Mice were killed on day 18. 
There were six to seven mice per 
group. Depletion of CD4 + and 
CD8 + T cell subsets in vivo was ac- 
complished by intraperitoneal ad- 
ministration of rat mAb GK1.5 
(anti-CD4) and mAb 2.43 (anti- 
CD8). NK cell depletion was 
performed using mAb PK1.36 (anti- 
NK-l.l). For depletion of comple- 
ment, mice were injected intraperi- 
toneaJly with cobra venom factor 
(CVF). Error bars represent 1 SD. 
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ipated in rejection of lung metastases mediated by mAb 
TA99. It is possible that NK1.1+ cells binding mAb TA99 
through Fc receptors secondarily activated CD4 + cells to 
participate in tumor rejection. Alternatively, CD4 + T cells 
might be activated by APC through internalization and 
presentation of antigen-antibody complexes. 

Mice treated with mAb TA99 were examined for changes 
in pigmentation and other autoimmune-type manifesta- 
tions. The coat of animals remained black unless ariimals 
were depilated to prepare skin sites for tumor injection. 
Pigmented melanocytes on the trunk of adult mice are found 
in hair bulbs. Regenerating hairs on the trunk were depig- 
mented in 13 of 13 tumor-bearing mice treated with mAb 
TA99 at 300-900 p.g per dose (three times per week for 2 
wk) but not in mice treated with control mAb UPC10 (0 
of 36 mice) or untreated control mice (0 of 30 mice). De- 
pigmentation was not related to injection of tumor cells; 
treatment of depilated C57BL/6 mice without injection of 
tumor cells still led to depigmentation in 12 of 12 mice 
treated with 300-1 ,000-u.g dose of mAb TA99 (Fig. 5). At 
TA99 doses ^150 u,g, depigmentation was not observed (0 
of 54 mice). Thus, the threshold dose of mAb TA99 re- 
quired for coat color changes was fivefold greater than the 
threshold required for antitumor effects in tumor protec- 
tion experiments. Histologic sections of skin from mice 
treated with mAb TA99 showed depigmented hair follicles 
and regenerating hairs in previously depilated areas. The 
bulbs of white hairs did not contain pigment, and follicles 
lacked pigmented melanocytes. There were no signs of de- 
crease in pigmentation or pigmented granules, inflamma- 
tion, or changes in cellular morphologies or tissue architec- 
ture in the eyes (choroid and retina) of mice treated with 
mAb TA99. There were no detectable alterations in behav- 
ior or weights of mice during or after treatment. In vivo 
depletion with an mAb against Thy 1.2 showed that Thyl + 
cells were necessary for depigmentation, but NK1.1 + cells, 
complement, and the individual CD4 + or CD8 + T cell 
subsets were not necessary. 

These findings suggest that autoimmunity directed against 
tyrosinase-related proteins and other antigens expressed by 
melanocytes can influence coat color in mice. This implies 
that coat color can be regulated at the level of a host re- 
sponse in addition to previously defined genetic controls at 
the cellular level. The induction of concomitant tumor re- 
jection and autoimmunity recalls a relevant clinical obser- 
vation in persons with metastatic melanoma who develop 
vitiligo. The spontaneous appearance of vitiligo has been 
associated with an improved prognosis in persons with 
metastatic melanoma (25, 26). A related observation is that 
the immune system of patients with vitiligo can recognize 
tyrosinase and other specific antigens expressed by melano- 
cytes (27, 28). This mouse model has recapitulated an asso- 
ciation between melanoma and vitiligo, showing that a 
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Figure 5. Alteration of coat color in C57BL/6 mice treated with mAb 
TA99. Mice were depilated on day — 1 over the left posterior flank and 
abdomen. On day 0, mice started treatment with either mAb TA99 {left 
mouse) or mAb UPC 10 (right mouse) three times per week for 2 wk (see 
schedule in Fig. 1) at individual daily doses of 300 u.g. The line demarcat- 
ing the upper border of the shaved coat {dorsal trunk of the animal) can be 
seen in the control animal (right mouse). The coat of mice treated with 
rnAb TA99 showed depigmentation in areas of regenerating hairs but not 
in the nondepilated coat, while no alteration in coat color was observed 
in mice treated with isotype control mAb UPC10. 

biologic response to the tyrosinase family of proteins in 
melanocytes of the skin can mediate melanoma rejection. 

In summary, an increasing body of data suggests that im- 
mune recognition of melanoma in humans is directed most 
frequently against molecules expressed by melanocytes or 
other neural crest-derived cell types (it should be pointed 
out that this perceived "immune repertoire" against mela- 
noma can be biased by the use of selected in vitro assays 
and may not be a random sampling). These experiments 
suggest that the threshold for depigmentation, a potential 
autoimmune manifestation, can be greater than that for tu- 
mor protection, and that the biologic state of melanocytes 
may be important in the development of autoimmune 
signs. Passive transfer of mAb against gp75 was able to lead 
to rejection even of established B16F10 tumors in the lung 
(similar effects have been observed with mAb treatment 
against other antigens expressed by B16F10) (29). We have 
shown that passive immunity against melanocytes can lead 
to effective rejection of even established tumors. Mela- 
noma is not the only tumor type where differentiation anti- 
gens are recognized by the immune system. Immune rec- 
ognition of differentiation antigens has also been detected 
in patients with breast, colon, and pancreas carcinomas 
(30-32). 
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ABSTRACT 

Differentiation antigens on cancer cells are recognized 
by the Immune system. A prototype set of these autoantigens 
in melanoma cells are the melanosomal glycoproteins, ex- 
pressed in both melanomas and normal melanocytes. These 
are intracellular proteins that can be recognized by both 
antibodies and T lymphocytes. While one can understand 
how T cells can respond to intracellular proteins, based on 
cellular requirements for antigen processing and presenta- 
tion, it is more difficult to understand how antibody re- 
sponses to melanosomal proteins could lead to tumor rejec- 
tion. We demonstrate that gp75 is expressed on the cell 
surface as well as intracellularly in human and mouse mel- 
anomas. The surface expression of gp75 can be augmented 
by IFN-y and during tumor growth in vivo. Surface expres- 
sion of gp75 on mouse melanoma cells correlates with the 
ability of a monoclonal antibody (mAb) against gp75 to 
reject melanomas in syngeneic mice. Antibody-mediated re- 
jection seems to require the Fc portion of the antibody, 
suggesting a role for Fc receptor-positive effector cells such 
as natural killer cells. However, although NK1.1* cells have 
been implicated in antibody-induced rejection in vivo, cell 
surface expression of gp75* on melanoma does not lead to 
susceptibility to antibody-dependent cellular cytotoxicity in 
vitro. The mAb to gp75 induced tumor rejection in mice 
carrying both scid and bg/bg traits, showing that neither 
thymus-dependent T cells nor natural killer cytotoxic activ- 
ity was required in vivo. Long-term treatment of mice with 
mAb led to patchy depigmentation in the coat. In summary, 
an intracellular organellar protein can be expressed at the 
cell surface and provide an antigenic target for antibody 
therapy and autoimmunity. 

INTRODUCTION 

Until recently, little was known about the structure of 
antigens recognized on cancer cells by the immune system. The 
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identification of a handful of potentially immunogenic tumor 
antigens has shown that these antigens are not typically foreign. 
Most of the central work in human cancer immunology has been 
done in melanoma. Surprisingly, studies of melanoma have 
shown that self molecules are typically recognized (I). A ma- 
jority of melanoma antigens recognized by the immune system 
are expressed both on malignant cells and their normal cell 
counterparts {e.g. v melanocytes), defining them as differentia- 
tion antigens (2). Furthermore, autoantibodies against differen- 
tiation antigens predict a favorable outcome in patients with 
metastatic melanoma (3). Thus, studies point to differentiation 
antigens as one set of dominant antigens recognized on human 
cancer cells and suggest that immunity to differentiation anti- 
gens may alter the progression of melanoma. 

Melanosomes are specialized cellular organelles. Melano- 
somal glycoproteins expressed specifically in melanocytes are 
among the best-characterized melanoma antigens (4-6). Three 
of these antigens are melanosomal membrane glycoproteins 
(tyrosinase, gp75/TRP-l, 3 and the gplOO protein) that are rec- 
ognized by T cells, and two of these antigens are recognized by 
autoantibodies (tyrosinase and gp75; Refs. 1, 4, 7-10). Because 
T cells recognize peptides that are processed and presented from 
intracellular compartments, it was predicted that melanosomal 
proteins could be recognized by T cells (4). However, it is 
unclear how melanosomal proteins might be recognized by 
antibodies in intact cells. Antibodies against the brown locus 
protein gp75 or gp75/TRP- 1 have been shown to efficiently 
localize to human melanoma xenografts (II). Furthermore, a 
mouse mAb against gp75 can be used to treat mouse melanomas 
(12). One explanation has been that tumor necrosis can spill 
intracellular contents, allowing access to antibodies. However, 
tumors without any necrosis {e.g., <l-2 mm in diameter) are 
rejected by antibodies against gp75. Here, we show that gp75 is 
expressed on the cell surface, allowing antibody-mediated tumor 
rejection. Cell -surface gp75 can be up-regulated by the host 
inflammatory cytokines, specifically IFN-7. Finally, we charac- 
terize the antitumor effects and manifestations of autoimmunity 
mediated by antibodies against gp75. 

MATERIALS AND METHODS 

Mice and Tumors. C57BL/6 (6 -8- week-old females) 
were obtained from The Jackson Laboratory (Bar Harbor, ME). 
CB-17 mice with either scid/scid or scid/sc id; bg/bg traits were 
purchased from Taconic Farms, Inc. (Germantown, NY). 
B16F10 is a mouse melanoma cell line of C57BL/6 origin 
kindly provided by Dr. Isaiah Fidler (M. D. Anderson Cancer 



^The abbreviations used are: TRP- 1 , tyrosinase-related protein I; mAb, 
monoclonal antibody: MHA, mixed hemadsorption; ADCC antibody- 
dependent cellular cytotoxicity; IL-2, interleukin 2; NK, natural killer, 
conA. concanavalin A. 
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Fig. I The cell surface expression of gp75 was assessed in BI6F10 
melanoma cells by the MHA assay. Reactivity was scored according to 
the proportion of target melanoma cells covered by RBC rosettes. A test 
was read as negative when wells showed < 10% resetted target cells. 

Center, Houston, TX). B78H.1 is a variant of B16 melanoma 
that does not express the gp75 antigen (12). B78H.1 cells were 
transfected with syngeneic gp75 cDNA expressed in the plasmid 
pcEXV-3 (13). Cell lines were tested routinely for mycoplasma 
contamination. Cell lines were grown in Eagle's MEM + 1% 
nonessential amino acids, 100 u.g/ml each of penicillin and 
streptomycin, and 2 mM glutamine (Life Technologies, Inc., 
Grand Island, NY) supplemented with 5% heat-inactivated fetal 
bovine serum (Sigma, St. Louis. MO). B16F10 melanoma cells 
were detached with 0.02% EDTA in PBS and were washed 
twice in PBS. Then 1 x I0 7 cells were injected s.c. into the 
flanks of mice. Two weeks later, mice that had s.c. B16F10 
tumors were sacrificed. Tumor tissue was removed and minced 
between two frosted microscope slides (Fisher Scientific, Pitts- 
burgh, PA) to disaggregate mechanically. A single-cell suspen- 
sion from the tumor was obtained by passing tumor tissue 
through a cell strainer (Falcon, Lincoln Park, NJ), and cells were 
cultured short-term at 37°C at 5% C0 2 in a 37°C incubator. For 
B16F10 melanoma lung metastases, C57BL/6 mice were in- 
jected i.v. through the tail vein with 1 X I0 5 B16F10 melanoma 
cells in 0.2 ml of sterile PBS. 

mAbs and Cytokine, The mouse mAb TA99 (IgG2a), 
which binds to the brown locus product gp75 or TRP-1, was 
purified from mouse ascites by protein A affinity column (Phar- 
macia LKB, Piscataway, NJ). TA99 F(ab') 2 fragments were 
constructed by using pepsin digestion. IgG2a mAb UPC 10 
(Sigma) was used as a control mAb. Mice were treated i.p. with 
mAb TA99, TA99 F(ab') 2 , or control mouse IgG2a mAb 
UPC10 diluted in 0.3-0.4 ml of PBS three times/week. Recom- 
binant mouse IFN-7 was from Genzyme Corp. (Cambridge, 
MA), and recombinant human IL-2 was from Chiron (Em- 
eryville, CA). To make conA-activated supernatant, mouse 
spleen cells (I x 10 6 cells/ml) were cultured for 48 h in RPMI 
1640 (Life Technologies, Inc.), 50 u,m 2-mercaptoethanol (Sig- 
ma), and 10% fetal bovine serum in the presence of 5 ng/ml 
conA (Boehringer Mannheim, Indianapolis, IN). Residual conA 
in the supernatant was removed by absorption with 10 mM 
methyl a-D-mannopyranoside (Sigma). 
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Fig. 2 A and 0, cell surface expression of gp75 analyzed on B16F10 
cells by flow cytometry. Cultured B16F10 cells {A) and primary ex- 
planted B16F10 lung metastases (B16FJ0 Tumor; B) were stained on ice 
with mAb TA99. Cells were evaluated by flow cytometry as described 
in "Material and Methods." Abscissa, fluorescence intensity; ordinate, 
relative cell number. The lighter line is a control representing the 
staining of B16F10 cells that were incubated with control mAb. C, 
induction of cell surface expression of gp75. B 16F10 cells were cultured 
for 3 days with different amounts of supernatant from conA -stimulated 
syngeneic splenocytes (0, I, or 10% v/v con A/medium). Cells were 
stained with mAb TA99 or control mAb and analyzed as described. The 
lighter line is a control representing the staining of B16F10 cells that 
were incubated with control mAb. O, induction of cell surface expres- 
sion of gp75 analyzed on B16F10 cells by IFN-7. B16F10 cells were 
cultured with different doses of recombinant mouse !FN--y (0, 10, or 100 
units/ml) for 3 days. Cells were stained with mAb. The lighter line is a 
control representing the staining of B16F10 cells that were incubated 
with control mAb. 



Flow Cytometry Analysis. Cells were stained for 30 min 
on ice with saturating concentrations of mAbs and FTTC-con- 
jugated rabbit anti-mouse IgG (Accurate Chemicals, Westbury, 
NY). Cells were washed twice in PBS containing 1% BSA and 
0. 1 % sodium azide after each incubation. The stained cells were 
analyzed on a FACScan (Becton Dickinson, Sunnyvale, CA). 
Routinely, 1 x 10 4 events were collected on a live gate. 

MHA Resetting Assay. Rabbit anti-mouse immuno- 
globulin MHA assay was used for the detection of cell surface 
antigens (14). B16F10 cells (2 X 10 3 cells/well) were seeded in 
Terasaki plates (Nunc, Naperville, IL) overnight. Wells were 
washed three times with PBS, and the plates were blotted with 
gauze. Diluted antibody was added to the wells and incubated 
for 1 h at room temperature. Plates were blotted, washed five 
times with PBS, and blotted again. Ten u.1 of rabbit anti-mouse 
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Fig. 3 TA99 treatment against B78gp75 melanoma. B78gp75 cells 
express intracellular gp75 but not cell surface gp75. B78gp75 cells (5 x 
10*) were injected s.c. into the flank of C57BL/6 mice. Mice were 
treated i.p. with control mouse IgG2a mAb UPC 10 or mAb TA99 
injected at a dose of 330 u.g (days 0, 2. 4, 7, and 9). This TA99 treatment 
inhibited the growth of B 16FI0 and JB/RH melanomas that express cell 
surface gp75 (12). Tumor growth was measured in millimeters using 
calipers. The longest surface length (a) and its perpendicular width (b) 
were measured, and tumor size was reported as a x b. Tumors were 
checked at least three times/week and allowed to grow to 400 mm 2 . 
Bars, SD of tumor size with 5-7 mice/group. 



immunoglobulin conjugated to human type O RBCs were added 
to the wells. The plates were incubated for 1 h at room temper- 
ature. After blotting, the plates were washed six times with PBS, 
and resetting was read under the light microscope. 

ADCC Assay. Target cells were radiolabeled with 200 
uCi (1 Ci = 37 GBq) of 51 Cr for 1 h and then plated with the 
effector cells (50 ^1/well) in 96-well flat-bottom microplates 
(Falcon). The naive spleen cells, which were cultured with 500 
units/ml of recombinant human IL-2 for 5 days, were used as 
effector cells. Purified antibodies (50 p.I/well) were added to 
each well. Plates were incubated at 37°C for 6 h. The superna- 
tants were removed, and radioactivity was measured with a 
gamma counter. 

Percent cytotoxicity 

(sample release — spontaneous release) 
(maximum release - spontaneous release) 

EL1SA Assay for IFN--V. NK cells were isolated from 
splenocytes with biotinylated anti-mouse NK1.1 mAb (PharM- 
ingen) and Dynabeads M-280 streptavidin (Dynal, Oslo, Nor- 
way) and cultured with 2000 units/ml of recombinant human 
IL-2 and 50 u.m 2-mercaptoethanol for 7 days. Fresh B16F10 
cells (4 X I0 4 cells/well; 1 ml/well) were seeded as target cells 
in 24- well plates (Costar Corp., Cambridge, MA). Splenocytes 
or isolated NK cells (4 X 10 4 cells/well; 0.5 ml/well) were 
added as effector cells. Purified antibodies (50 jig/ml; 0.5 ml/ 
well) were added in each well. Supernatants were taken at 4, 6, 
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Fig. 4 Protective immunity with mAb TA99 and TA99 F(ab') 2 against 
B16F10 melanoma. The protective effect of TA99 F(ab') 2 on BI6 
mouse melanoma was analyzed. Groups included untreated controls (5 
mice), mice injected with 0.15 mg of purified TA99 i.p. three times/ 
week for 2 weeks except for day 0(10 mice), and 10 mice injected with 
0.09 mg of TA99 F(ab'), in the same manner. TA99 F(ab') 2 (0.09 mg) 
is the molar equivalent to 0. 15 mg of whole IgG mAb TA99. Mice were 
challenged i.v. with I x 10 5 B16F10 cells. Fourteen days after tumor 
injection, lung tumor nodules were counted with the aid of a dissecting 
microscope. 



14, 24, 46, 73, and 1 32 h and assayed for IFN-7 by means of a 
sandwich ELISA (PharMingen). 

RESULTS AND DISCUSSION 

The Melanosomal Membrane Protein gp75 is Ex- 
pressed on the Cell Surface. The gp75 glycoprotein is a type 
I membrane molecule that is synthesized in the endoplasmic 
reticulum, transported through the Golgi complex, and sorted to 
the endosomal compartment and to melanosomes (15, 16). The 
gp75 glycoprotein contains an intracellular retention signal that 
sorts it to the endosomal compartment (16), leading to stable 
intracellular retention. An unexpected finding has been that 
mAb to gp75 can localize to melanoma tumors in xenografts and 
induce tumor rejection in syngeneic hosts, despite the intracel- 
lular location of gp75 (11, 12). To assess whether gp75 also 
reaches the plasma membrane, live unfixed B16F10 melanoma 
cells were analyzed for expression of gp75. Cell surface expres- 
sion of gp75 was detected by MHA assays using mAb TA99 
(Fig. 1). Plasma membrane expression was confirmed by flow 
cytometry (Fig. 2A). Similar cell surface expression was shown 
for the gp75 + murine melanoma JB/RH and the gp75 + human 
melanomas SK-MEL-19 and SK-MEL-23 (data not shown). 
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Fig. 5 Tumor rejection in mice deficient in T cells and NK cell 
activity, scid/scid (SC/D) or scid/scid :bg/bg (SCID/Bg) CB-17 mice 
were challenged by injection through the tail vein with l X 10 5 B16F10 
melanoma cells. Mice (5 mice/group) were treated i.p. with 300 u.g of 
isotope-matched control mAb UPCIO or mAb TA99 three times/week 
for 2 weeks, starting on the day of tumor challenge. Lung tumor nodules 
were counted on day 1 4 after the tumor chaJlenge. Bars, SD. 



showing that cell surface expression is present on other pig- 
mented mouse and human melanomas. Thus, despite the pres- 
ence of an intracellular retention signal within the gp75 protein, 
a proportion of gp75 reaches the cell surface. 

B16FI0 melanoma cells freshly explanted from lung me- 
tastases expressed cell surface gp75 at a higher level than 
cultured BI6FI0cells (Fig. 2B). When BI6F10 melanoma cells 
explanted from lung metastases were carried in continuous 
tissue culture (>1 month), gp75 expression decreased, although 
cell surface expression was still present (Fig. 2A). These results 
showed that gp75 cell surface expression could be increased on 
B16F10 cells in vivo and suggested that expression of gp75 can 
be up-regulated by host factors. 

Up-regulation of gp75 by IFN-7. To investigate 
whether immune factors produced by host mononuclear cells 
can induce gp75, supernatants from splenocytes stimulated with 
conA were incubated with B I6F10 melanoma cells. Addition of 
supernatants from I and 10% conA-induced syngeneic spleno- 
cytes increased the expression of gp75 measured by flow cy- 
tometry (Fig. 2Q. One component in these supernatants that 
might be implicated in the induction of gp75 is IFN-7. IFN-7 
was present in these con A supernatants at a concentration of 800 
units/ml, as measured by an ELISA assay, and therefore, was 
present at a final concentration of 8 units/ml in 1% conA 
medium. Purified recombinant mouse IFN-7 augmented the 
expression of gp75 at both 10 and 100 units/ml (Fig. 2D). This 
shows that a host factor, /. €. , IFN--y, can induce increased 
expression of gp75 in vitro, implicating IFN-7 in the up-regu- 
lation of gp75 in vivo. This up-regulation of gp75 is remarkable 
because we have previously shown that a large number of other 



melanocyte and melanoma antigens are unaffected by IFN-7 
(17). 

It is unclear why a melanosomal protein would be induced 
by an inflammatory cytokine. The gp75 protein plays a role in 
melanin synthesis, determining the type of pigment synthesized. 
The gp75 glycoprotein has 5,6-dihydroxyindoIe-2-carboxylic 
acid oxidase activity, which catalyzes an intermediate step in the 
melanin synthesis pathway (18, 19). The gp75 antigen is en- 
coded by the brown locus and determines coat color in mice 
(e.g., black, brown, and other colors). One possibility is that the 
proteins involved in melanin synthesis are coordinately up- 
regulated during inflammation. The production of epidermal 
pigmentation is a phenomenon that is commonly observed with 
cutaneous inflammatory conditions. 

Passive Immunity to gp75 and its Relationship to Sur- 
face Expression of gp75. We have previously shown that 
treatment with mouse antibody TA99 in C57BL/6 mice bearing 
B 16F1 0 and JB/RH melanomas leads to tumor rejection ( 1 2). As 
noted above, both B16F10 and JB/RH melanomas express cell 
surface gp75. B78H.I melanoma is a gp75-negative variant of 
B16 melanoma that was selected for its ability to be stably 
transfected (20). The syngeneic gp75 cDNA expressed in the 
plasmid pcEXV-3 was transfected into B78H.I, and stable 
clones were selected that expressed gp75. A clone with rela- 
tively high expression of cellular gp75 was selected for further 
experiments (clone B78gp75). There was no detectable cell 
surface expression of gp75 in B78gp75 transfectants by the 
sensitive MHA assay even after induction with 100 units/ml 
I FN -7, although abundant intracellular gp75 was demonstrated 
in vesicles inside B78gp75 cells and confirmed by immunopre- 
cipitation with mAb TA99 (data not shown). It was estimated 
that B78gp75 expressed 62% of the total cellular gp75 level of 
BI6F10 melanoma by ELISA binding to fixed permeabilized 
cells and by immunoprecipitation and approximately the same 
level of total cellular gp75 as JB/RH melanoma (data not 
shown). The lack of cell surface expression of gp75 by B78gp75 
cells may reflect certain defects in sorting type I membrane 
glycoproteins to the cell surface because these cells are mark- 
edly deficient in expression of other surface glycoproteins in- 
cluding class I and II MHC molecules. 4 Although treatment with 
TA99 antibody induced rejection of B16F10 and JB/RH (12), 
both of which express cell surface gp75, there was no effect on 
the growth of the BI6 variant melanoma B78gp75 (Fig. 3). 

These results show a relationship between expression of 
cell surface gp75 and tumor rejection, suggesting that surface 
expression is a requirement for tumor rejection. Results with the 
pair of melanomas derived from the B16 line (B16F10 with 
surface gp75 expression and B78gp75 without surface expres- 
sion) support this model. Rejection of melanoma did not simply 
correspond to the total cellular level of gp75 because JB/RH 
melanoma was rejected by mAb TA99 treatment (12), but 
B78gp75 melanoma growth was not affected, although both 
tumors expressed approximately the same levels of gp75. 



1 A. N. Houghton, unpublished observations. 
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Fig. 6 Depigmentation of mice treated with mAb TA99. C57BL/6 mice were treated i.p. with 0.5 mg of mAb TA99 or control mouse lgG2a mAb 
UPC 10 three times/week over 2 months. Continuous treatment with mAb TA99 induced patchy depigmentation in 4 of 4 mice, although ihe coat was 
not shaved or depilated. No depigmentation was observed in 6 of 6 untreated liitermaies. A, treated mouse {right) and untreated littermate (left). B % 
close-up of the coat of a treated mouse 



Characterization of Antitumor Effects in Mice Treated 
with mAb TA99. In our previous studies, tumor rejection of 
B16 melanoma cells after treatment with mAb against gp75 was 
shown to require host NK1.1* (12). The involvement of 
NKI.1 + cells suggests that NK cells are involved in tumor 
rejection mediated by mAb TA99. One possibility is that Fc 
receptors on NK cells are involved in ADCC mediated by TA99. 
We showed that the Fc region of TA99 is probably required for 
tumor rejection by comparing treatment with F(ab') 2 fragments 
of TA99 with whole IgG2a TA99 (Fig. 4). There were no 
detectable antitumor effects of F(ab') 2 fragments. A limitation 
of this experiment is that the biodistribution and pharmacoki- 
netics of the TA99 fragment are likely different than those of 
whole IgG. However, even one- tenth of the dose of TA99 used 
in these experiments gives >70% reduction in melanoma, sug- 
gesting that a lower bioavailability of F(ab') 2 fragments of 
TA99 is not necessarily limiting. 

In in vitro ADCC assays, no specific lysis {i.e., specific 
lysis <5%) of B16F10 melanoma cells could be detected in 
ADCC assays using mouse splenocytes as effector cells (data 
not shown). No killing was detected with TA99, whether effec- 
tor cells were fresh splenocytes, IL-2-activated splenocytes 
(lymphokine-activated killer cells), or adherent IL-2-activated 
splenocytes, nor whether B16F10 target cells were cultured or 
explanted from in vivo tumors (data not shown). Likewise, no 
release of IFN-7 was detected in supernatants when mouse 
splenocytes + mAb TA99 were incubated with B16F10 target 
cells (data not shown). Thus, despite the accessibility of cell 
surface gp75 to mAb TA99 and the potential involvement of NK 
cells in tumor rejection, there was no detectable ADCC or NK 



IFN-7 release induced by mAb TA99 bound to target melanoma 
cells. 

These results suggest that a noncytolytic mechanism in- 
volving NK1.1 + cells could mediate rejection induced by TA99. 
To further explore this possibility, we examined the antitumor 
effects of TA99 in scid and scid + bg/bg mice. The beige 
mutation causes intracellular vesicle dysfunction and lysosomal 
malformation, leading to a loss of NK cell activity (along with 
marked changes in neutrophil function, coagulation profiles, and 
other changes). TA99 decreased lung metastases by >10% in 
both scid/scid and scidfscid\bg/bg mice compared to isotype- 
matched antibody control treatment (Fig. 5). This experiment 
further supported a paradigm in which noncytolytic mechanisms 
of NK1.1 + cells were involved in melanoma rejection mediated 
byTA99. 

At this point, we are unsure how NK 1.1* cells are involved 
in melanoma rejection mediated by mAb TA99. One possibility 
is that TA99 binding to gp75 antigen on melanoma cells and to 
Fc receptors on NK cells leads to NK activation but not to direct 
tumor lysis (ADCC). Cytokine release by activated NK cells 
could elicit other effector cells, e.g., macrophages, to kill the 
tumor. We have not yet found evidence for this scenario because 
no IFN-7 release was detected when mAb TA99 was incubated 
with melanoma cells and host mononuclear cells. Another pos- 
sibility is that traditional NK cells are not involved, but rather 
another NK1.1 + cell population, e.g., NK1.1 + T cells (21). 

Depigmentation in Mice Treated with mAb TA99. We 
have previously shown that depigmentation occurs after injec- 
tion of mAb TA99 administered over 2 weeks, but loss of 
pigmentation in hairs was only observed in regenerating hairs 
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within depilated sites. When serum antibody levels against gp75 
were maintained over a much longer period (2 months), patchy 
hair depigmentation appeared in nondepilated areas on four of 
four mice (Fig. 6). No other changes have been observed in 
these mice after 6 months of follow-up, including no changes in 
weight, behavior, or coat texture. These results show that hairs 
can be affected by TA99 treatment in areas that are not depilated 
if circulating levels of antibodies to gp75 are maintained over a 
long time. Presumably, hairs that go through a growth cycle 
naturally, as opposed to growth induced by depilation, can be 
depigmented by mAb TA99. It is interesting to note that depig- 
mentation occurred in patches, and the pattern of depigmenta- 
tion was distinct in each mouse. We have not examined mela- 
nocytes for surface expression of gp75, but these results suggest 
that there can be surface expression, at least in some circum- 
stances (for instance, activated proliferating melanocytes). This 
provides a model for autoimmune vitiligo and further supports a 
relationship between immune recognition of self and tumor 
rejection. However, substantially less mAb TA99 was required 
for rejection of transplantable melanoma tumors than for depig- 
mentation, suggesting that hair follicles remain a privileged 
immunological site relative to tumors. 
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ABSTRACT Effective tumor immunity requires recogni- 
tion of tumor cells coupled with the activation of host effector 
responses. Fc receptor (FcR) y~ f ~ mice, which lack the 
activating FcyR types I and III, did not demonstrate protective 
tumor immunity in models of passive and active immunization 
against a relevant tumor differentiation antigen, the brown 
locus protein gp75. In wild-type mice, passive immunization 
with mAb against gp75 or active immunization against gp75 
prevented the development of lung metastases. This protective 
response was completely abolished in FcRy-deficient mice. 
Immune responses were intact in y~'~ mice because IgG titers 
against gp75 develop normally in y" , r mice immunized with 
gp75. However, uncoupling of the FcyR effector pathway from 
antibody recognition of tumor antigens resulted in a loss of 
protection against tumor challenge. These data demonstrate 
an unexpected and critical role for FcRs in mediating tumor 
cytotoxicity in vivo and suggest that enhancement of FcyR- 
mediated antibody-dependent cellular cytotoxicity by inflam- 
matory cells is a key step in the development of effective tumor 
immunotherapeutics. 



Effective immunity against cancer requires the specific recog- 
nition and elimination of malignant cells expressing targeted 
antigens. Antigens recognized on neoplastic cells include viral 
proteins, products of altered or mutated genes, developmen- 
tally reactivated silent gene products, and differentiation 
antigens expressed by tumor cells and their normal cell coun- 
terparts (1, 2). Much of the current effort of vaccine strategies 
is aimed at eliciting cytolytic T cell responses in which antigen 
recognition and cytotoxicity are functions shared by a single 
cell. In antibody-mediated cytotoxicity, however, antigen rec- 
ognition and cytotoxicity mechanisms are functional proper- 
ties of distinct cell types. 

Therapeutic approaches to generate antigen-specific im- 
mune responses against tumors have included both passive 
immunization with mAbs and active immunization using an- 
tigens or genes expressing antigens. Passive immunity with 
antibodies could mediate its cytotoxic effects through com- 
plement activation or Fc receptor (FcR) engagement, and 
immunization with tumor antigens could elicit both cytolytic T 
cell responses and antibodies capable of triggering effector 
mechanisms. To clarify the roles of these various pathways in 
tumor immunity, we have examined the contributions of FcRs 
to the protective immune response induced against a tumor 
differentiation antigen by both passive and active immuniza- 
tion in a mouse model of tumor metastases. 

Three classes of murine FcRs for IgGl, IgG2a, and IgG2b 
have been characterized — the high-affinity receptor FcyRI 
and the two low affinity receptors FcyRII and FcyRIII (3). 
FcyRI and III are heterooligomeric receptors, requiring co- 
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expression of the common y chain for their assembly and 
signaling functions. Cross-linking these receptors results in cell 
activation. FcyRII, in contrast, is a single chain inhibitory 
receptor, aborting activation through ITAM (immune recep- 
tor tyrosine-based activation motif) containing receptors. In 
addition, a distinct Fc receptor for IgG3 has been described (4, 
5). Mice containing genetic disruptions of the y chain do not 
express either FcyRI or III and exhibit functionally impaired 
antibody-mediated responses, including loss of natural killer 
(NK) cell-mediated antibody-dependent cellular cytotoxicity 
(ADCC), macrophage phagocytosis, and mast cell degranula- 
tion in response to FcR cross-linking (6). Furthermore, 7 chain 
deficiency ameliorates the pathogenesis of cytotoxic antibody 
in models of autoimmune hemolytic anemia and thrombocy- 
topenia (7, 8) and the inflammatory cascade initiated by 
immune complexes in the Arthus reaction (7, 9) and autoim- 
mune glomerulonephritis (10, 11). These studies have indi- 
cated that FcRs have a dominant role in mediating the effector 
responses to antibodies in vivo. This study was designed to 
address the role of FcR-mediated effector responses in tumor 
immunity. 

The induction of immune responses to melanoma has been 
associated with improved clinical outcomes in melanoma 
patients (12). Immunotherapeutic approaches to this disease 
have been actively pursued. A number of differentiation 
antigens have been shown to be recognized by the immune 
system of patients with melanoma. The melanosome, a cellular 
organelle found in melanoma cells and normal melanocytes, 
expresses several glycoproteins that are potential targets for 
immunity (1). In particular, the product of the brown locus 
(protein gp75) is expressed both intracellular^ and on the cell 
membrane by normal melanocytes and melanoma and is 
recognized by T cells and autoantibodies in melanoma patients 
(13, 14). In a model of passive immunization against gp75 using 
B16F10 melanoma lung metastases, the mAb TA99 against 
gp75 is highly effective in preventing and eradicating early- 
established metastases (15). In a model of active immunization 
against gp75, mice immunized with recombinant mouse gp75 
expressed in insect cells develop a high-titer anti-gp75 antibody 
response and are likewise protected in the B16F10 lung 
metastases model (16). In the current study, we examine the 
mechanism of protection in these models and conclude that the 
FcR-mediated effector pathway is critical in both actively and 
passively immunized mice for tumor rejection. 

METHODS 

Mice and Tumors, y chain-deficient mice were successively 
backcrossed to C57BL/6 mice (The Jackson Laboratories) for 
12 generations. Six- to 8-week-old female y chain-deficient 
congenic mice or wild-type (wt) C57BL/6 (The Jackson Lab- 
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oratory) were used for all experiments. The B16F10 mouse 
melanoma cell line of C57BL/6 origin kindly provided by 
Isaiah Fidler (M.D. Anderson Cancer Center, Houston, TX) 
and were maintained in Eagle's MEM containing 1% nones- 
sential amino acids, penicillin (100 pig/ml), streptomycin (100 
jxg/ml), and 2 mM glutamine and supplemented with 5% 
heat-inactivated fetal bovine serum (Sigma). B16F10 mela- 
noma cells were detached with 0.02 mM EDTA in PBS and 
were washed twice with PBS. Mice were injected i.v. through 
the tail vein with 1 X 10 5 B16F10 melanoma cells in 0.2 ml of 
sterile PBS. Mice were sacrificed 14-17 days later and lung 
surface metastases were counted as black nodules under a 
dissecting microscope. 

TA99 Passive Protection Model. Mice were injected intra- 
venously with 10 5 B16 melanoma cells on day 0 and with 200 
/xg of purified TA99 or control mouse IgG2a mAb UPC10 
(Sigma) on days 0, 2, 4, 7, 9, and 11. TA99 (IgG2a) mAb 
antibodies were purified from ascites fluid by protein A 
chromatography (Pharmacia LKB). 

Sf9-gp75 Active Protection Model. A recombinant baculo- 
virus expression vector containing the full-length murine gp75 
cDNA has been described (16). Cell suspensions of Sf9 cells 
(Invitrogen) infected with wt or recombinant murine gp75 
baculovirus were harvested by scraping and lysates prepared by 
three successive freeze-thaw cycles. Initial intraperitoneal 
immunizations were in complete Freund's adjuvant and the 
subsequent three intraperitoneal immunizations at 2-week 
intervals were in incomplete Freund's adjuvant (Sigma). Four 
weeks after the last immunization serum was obtained to check 
antibody responses and the mice were injected intravenously 
through the tail vein with 10 5 B16 melanoma cells. 

Immunoprecipitation. Precleared serum obtained from im- 
munized mice were mixed with [ 35 S]methionine-labeled 
B16F10 lysates (3-10 X 10 6 cpm of trichloroacetic acid- 
insoluble precipitate) and pelleted with protein A-Sepharose. 
Disrupted complexes were subjected to denaturing PAGE and 
autoradiography. Purified anti-gp75 mAb TA99 was used as a 
positive control. 



Macrophage-Mediated ADCC. Peritoneal macrophages 
were obtained from mice immunized with live attenuated 
bacillus Calmette-Guerin (Organon Teknika-Cappel) subcu- 
taneously in complete Freund's adjuvant followed by i.p. 
administration 6 weeks later. Approximately 10 7 macrophages 
were obtained per animal 7 days after i.p. inoculation. Mac- 
rophages were cultured at an effector/target ratio of 10:1 (10 5 
effector to 10 4 target cells per well) in 96-well plates. Target 
cells were chromium-51 -labeled HSB-2 lymphoma cells deriv- 
itized with 2,4,6-trinitrophenyl (TNP) and opsonized with 
subagglutinating quantities of anti-TNP hybridoma superna- 
tants. TNP-specific hybridomas included TIB191 (IgGl) ob- 
tained from the American Type Culture Collection and U7.12 
(IgG2a) and U12.5 (IgG2b) both obtained from Jay Unkeless 
(Mt. Sinai Medical Center, New York, NY). ADCC reactions 
were for 6 h and specific activities were obtained as [(cpm from 
cultures with antibody) — (cpm from cultures with medium)]/ 
(total cpm). Samples were assayed in triplicate with results 
expressed as the mean ± SEM. 

RESULTS 

FcR Is Required for Passive Protection of Melanoma Me- 
tastases by mAb TA99. To determine the in vivo consequences 
of the loss of FcyRs in tumor immunity, y~ ! ~ C57BL/6 
congenic mice were developed by 12 successive backcrosses to 
the FcRy _/ ~ mixed background (129/B1.6). To show that the 
genetic background of the congenic line was phenotypically 
similar to C57BL/6 mice, C57BL/6 -y +/ ~ heterozygous mice 
were compared with wt C57BL/6 mice for baseline suscepti- 
bility to lung metastases in the B16F10 melanoma model. The 
number of lung metastases in congenic y +/ ~ mice were found 
to be similar to wt C57BL/6 mice (195 ± 15 vs. 187 ± 20 
nodules). In addition, both strains were similarly protected 
from lung metastases by passive immunization with mAb TA99 
against gp75 (85% vs. 78% reduction). Deletion of FcyRI and 
-III by disruption of the common y chain, however, results in 
loss of the protective effect of TA99, as shown in Fig. 1, 



B 



p= 0.0008 




WT 
UPC10 

Fig. 1. Passive protection from melanoma metastases requires FcRs. (A) Representative lungs from wt and y~ ! ~ mice injected i.v. with 10 5 
B16 melanoma cells. Mice were injected with either anti-gp75 (TA99) or control isotype antibody (UPC10). Six mice were present in each group. 
(B) Data are the mean ± SEM. P values of significant differences (Fisher exact test) are noted. 
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indicating that FcyR effector pathways are necessary for tumor 
rejection in mice passively immunized with mAb TA99. 

FcR Is Required for Protection of Melanoma Metastases by 
Active Vaccination. In comparison with passive immunization, 
the situation in actively immunized mice is far more complex 
and is expected to include the polyclonal induction of both 
anti-gp75 T cells and antibodies, thus providing the host a 
number of possible cytotoxic effector systems including both 
cytotoxic T lymphocyte-mediated and antibody-mediated 
pathways. To determine the importance of the antibody- 
mediated FcyR effector pathway in actively immunized mice, 
y~ l ~ and wild- type (wt) mice were immunized with syngeneic 
gp75 expressed in cellular extracts of insect cells infected with 
mouse gp75 baculovirus constructs or with wt Sf9 cellular 
extracts. One consequence of Sf9-gp75 immunization is the 
induction of autoimmune depigmentation. This coat-color 
change recapitulates a possible clinical association of pro- 
longed survival and vitiligo in melanoma patients (17-21). The 
typical appearance of depigmentation occurred in both wt and 
y~ /_ Sf9-gp75-immunized mice, indicating that the effector 
arm of the anti-melanocyte immune response, probably T 
cell-mediated (15), does not require an intact FcyR y chain 
(Fig. 2). Distinct from this autoimmune phenomenon, the 
anti-tumor effects of Sf9-gp75 immunization were strikingly 
different in the two strains of mice. Consistent with prior 
studies, Sf9-gp75-immunized wt mice had a significant reduc- 
tion in lung metastases, with 83% fewer nodules (Fig. 3). In 
contrast Sf9-gp75-immunized y~ f ~ mice were afforded no 
protection against melanoma metastases. y~'~ mice have been 
shown to have normal immune responses to a variety of 
antigenic challenges (6, 22). This same situation is seen in the 
y~ l ~ congenic mice used in these studies because easily 
detectable anti-gp75 IgG were found in Sf9-gp75-immunized 




WT 

sf9-gp75 



Fig. 2. Anti-gp75-induced depigmentation occurs normally in 
FcyR-deficientmice. y~'~ and wt mice were immunized with Sf9-gp75 
(gray mice) or with control Sf9 extract (black mice). 



wt and y~ l ~ mice (Fig. 4). Immunized y~ f ~ congenic mice 
exhibited normal CD4 and CD8 T cell responses when immu- 
nized with PCC (pigeon cytochrome c) peptide and OVA 
(ovalbumin) peptide, respectively. Class II-restricted T cell 
proliferative responses of CD4 + LN cells from wt and 
y~ /- -immunized mice were comparable when cocultured with 
PCC peptide (data not shown). Both wt and y-deficient 
splenocytes were capable of T cell-mediated OVA-specific 
killing of OVA-pulsed EL-4 target cells at comparable effec- 
tor/target ratios, thereby demonstrating that the cytolytic 
CD8 + T cell response is unaltered in y-deficient mice (data not 
shown). Thus, these experiments demonstrate that both T cell 
immune recognition (anti-PCC response) and effector re- 
sponses (anti-OVA-pulsed EL-4 cytotoxicity) are intact in 
y -/ ~ mice. Despite the fact that these mice are capable of 
developing normal B and T cell immune responses, the genetic 
disruption of the y-mediated effector pathway is sufficient to 
abrogate the efficacy of a tumor vaccine. In the absence of 
FcyR, a requisite receptor for antibody-mediated tumor cy- 
totoxicity, anti-melanoma responses are rendered incapable of 
tumor protection. 

Macrophage-Mediated ADCC Is Abolished in y _/ ~ Mice. 
To determine the mechanism by which FcR-deficient mice are 
unable to mediate an ADCC response, FcR-expressing effec- 
tor cells were studied in vitro. Both NK cells and myeloid cells 
express FcRs and are capable of antibody-mediated tumor 
cytotoxicity. In vitro data has indicated that ADCC mediated 
by NK cells, which express only the type III FcyR, is abolished 
in y-chain deficient mice (6). It is unlikely that only NK cells 
are involved in ADCC in the B16 murine melanoma model, 
because studies have shown (23) that SCID/Beige mice, which 
lack NK cytolytic capacity, are capable of sustaining a TA99- 
mediated protective response. To ascertain whether macro- 
phages, which express all three FcyRs, also require the y chain 
for anti-tumor ADCC, bacillus Calmette-Gu6rin-activated 
peritoneal macrophages were cocultured with TNP-derivitized 
HSB-2 tumor target cells in the presence of anti-TNP anti- 
bodies. Unlike the situation with TA99 and B16F10 tumor 
target cells (16, 23), this system efficiently produces ADCC 
reactions. Whereas wt macrophages killed 27% of IgG2a- 
opsonized HSB-2 tumor cells, there was no enhancement of 
y _/ ~ macrophage-mediated cytotoxicity with IgGl, IgG2a, or 
IgG2b opsonization (Fig. 5). Therefore, both NK and mono- 
cyte lineage effectors require the y chain for affective ADCC 
of tumor target cells in vitro, suggesting that both cellular 
populations may be significant in tumor immunity and thus 
compromised in y~ f ~ mice. 

DISCUSSION 

The challenge of cancer immunotherapy is the induction of 
anti-tumor immune responses specific for self or altered-self 
tumor antigens: The resultant immune responses are, there- 
fore, capable of triggering both clinical tumor responses and 
autoimmune phenomena. In this study the effector mecha- 
nisms responsible for these outcomes are explored in a mel- 
anoma model in which immunization can induce both anti- 
tumor responses and autoimmune vitiligo. The cytotoxic re- 
sponse mediated by antibodies is just one possible effector 
mechanism contributing to the efficacy of anti-tumor mAbs or 
tumor vaccines. Indeed, much of the current effort in tumor 
immunology is directed at the generation of effective cytolytic 
T cell responses. In the protection model described herein, 
however, the critical requirement for FcyR suggests that the 
development of cytotoxic IgG is the dominant anti-melanoma 
mechanism. Although it remains to be demonstrated that this 
is the case with other tumor vaccines, the results of this study 
presented herein imply that the FcYR-deficient mouse is a 
novel assay system that evaluates the role of cytotoxic IgG in 
immunotherapeutics. 
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Fig. 3. Active protection from melanoma metastases requires FcRs. {A) Representative lungs from wt and y~ f - mice injected i.v. with 10 5 B16 
melanoma cells. Mice were immunized with either anti-gp75 (Sf9-gp75) or control extract (Sf9). Six mice were present in each group. (B) Data 
are the mean ± SEM. P values of significant differences (Fisher exact test) are noted. 



The persistance of depigmentation induction in -y _/ ~ mice 
reveals a distinction between the anti-tumor and anti- 
melanocyte effector pathways. Although antibody-mediated 
responses have been implicated in the pathogenesis of vitiligo 
(19, 20, 24-28), the data presented herein are more consistent 
with prior Thyl.2 depletion studies (15) in which depigmen- 
tation was abrogated in gp75-immunized mice and suggest 
instead a role for T cell responses rather than cytotoxic IgG in 
the anti-melanocyte autoimmune response. The dissociation of 
depigmentation from tumor immunity in y~ l ~ mice argues that 
the anti-melanocyte response is not sufficient to convey tumor 
immunity and suggests that the clinical correlation of vitiligo 
with tumor responses is not necessarily the result of a shared 
immunological response. 

The identity of the FcR-bearing effector cell that mediates 
the anti-gp75 cytotoxicity in tumor protection is currently 
unknown. Prior cell depletion experiments showed that both 



Y-/- 



NKl.l-bearing cells and to a much lesser extent, CD4 + cells 
were required for TA99 protection (15). On the other hand in 
the SCID/Beige mouse, which lacks mature T and B cells, as 
well as NK cells with cytolytic capacity, tumor protection by 
mAb TA99 is intact (23), suggesting instead that cytotoxic T 
lymphocyte- and NK-mediated cytotoxicity are not required. 
These findings can be reconciled with the hypotheses that 
macrophage-mediated ADCC is critical to anti-tumor efficacy 
and that CD4 + and NK1.1 + cells are required as immuno- 
regulatory cells for stimulation of macrophage activity. The 
lack of ADCC by y~ f ~ macrophages is consistent with this 
hypothesis. 
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Fig. 4. Anti-gp75 titers in Sf9-gp75- immunized y +,+ and y~ ( ~ 
mice are indistinguishable. Immunoprecipitations of diluted serum 
samples from Sf9-immunized (negative control) and Sf9-gp75- 
immunized mice. Diluted TA99 anti-gp75 mAb is used as a positive 
control. 



Fig. 5. Macrophage ADCC of tumor target cells requires FcyR y 
chain. Bacillus Calmette-Guerin-elicited peritoneal y +f+ and y~ f ~ 
macrophages were cultured with chromium-labeled TNP-opsonized 
HSB-2 target cells at an effector/target ratio of 10:1. Data are 
expressed as the mean ± SEM of triplicate samples assayed in the 
presence or absence of subagglutinating quantities of IgGl, IgG2a, or 
IgG2b anti-din itrophenyl antibody. 
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Regardless of the lineage of the effector cell(s) involved, 
these studies substantiate a critical role in vivo for FC7R- 
mediated ADCC in tumor immunity. Although anti-gp75- 
mediated ADCC has not been demonstrated in vitro, data have 
shown that transfer of serum from Sf9-gp75-immunized mice 
can protect naive mice from melanoma metastases, suggesting 
that serum anti-gp75 IgG is sufficient to provide protection 
(16, 23). The evidence presented herein indicates that the 
FcyR effector pathway is the dominant mechanism of protec- 
tion of this humoral response and is necessary for the efficacy 
of a tumor vaccine. Uncoupling of the FcyR pathway from 
antibody recognition of tumor antigens resulted in a loss of 
protection against tumor challenge. These observations sug- 
gest that enhancement of the functional activity of anti-tumor 
antibody-Fc7R interactions would improve the efficacy of 
immunotherapeutic agents. 
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Inhibitory receptors have been proposed to modulate the in vivo 
cytotoxic response against tumor targets for both spontaneous 
and antibody-dependent pathways 1 . Using a variety of syngenic 
and xenograft models, we demonstrate here that the inhibitory 
FcyRIIB molecule is a potent regulator of antibody-dependent 
cell-mediated cytotoxicity in vivo, modulating the activity of 
FcyRIII on effector cells. Although many mechanisms have been 
proposed to account for the anti-tumor activities of therapeutic 
antibodies, including extended half-life, blockade of signaling 
pathways, activation of apoptosis and effector-cell- mediated cy- 
totoxicity, we show here that engagement of Fey receptors on ef- 
fector cells is a dominant component of the in vivo activity of 
antibodies against tumors. Mouse monoclonal antibodies, as 
well as the humanized, clinically effective therapeutic agents 
trastuzumab (Herceptin®) and rituximab (Rituxan®), engaged 
both activation (FcyRHI) and inhibitory (FcyRIIB) antibody recep- 
tors on myeloid cells, thus modulating their cytotoxic potential. 
Mice deficient in FcyRIIB showed much more antibody-depen- 
dent cell-mediated cytotoxicity; in contrast, mice deficient in ac- 
tivating Fc receptors as well as antibodies engineered to disrupt 
Fc binding to those receptors were unable to arrest tumor 
growth in vivo. These results demonstrate that Fc- receptor-de- 
pendent mechanisms contribute substantially to the action of cy- 
totoxic antibodies against tumors and indicate that an optimal 
antibody against tumors would bind preferentially to activation 
Fc receptors and minimally to the inhibitory partner FcyRIIB. 

Passive and active protection against pulmonary metastasis in 
the syngenic B16 melanoma model has been demonstrated to re- 
quire the presence of activation Fc receptors 2 on effector cells, 
such as natural killer (NK) cells. To determine whether the in- 
hibitory molecule FcyRIIB (Genome DataBase designation, 
Fcgr2b) is a factor in determining the in vivo anti-tumor activity 
of monoclonal antibody TA99 (ref. 2), a protective immunoglob- 
ulin (Ig)G2a antibody specific for the melanoma differentiation 
antigen gp75, we crossed C57B1/6 mice to an FcyRlIB-deficient 
strain and then back-crossed to establish a syngenic strain. 
Metastases of B16 melanoma cells in the FcYRIIB-deficient back- 
ground were identical to those in wild-type mice (Fig. 1), demon- 
strating that the inhibitory receptor was not involved in tumor 
growth or spread. In contrast, when FcyRI IB -deficient mice re- 
ceived the protective lgG2a antibody, there was much more ac- 
tivity of this antibody than in mice wild-type for FcyRIIB (Fig. 1). 
Quantification of the tumor nodules in excised lungs showed 
that wild-type, treated mice reduced tumor load by three-fold 
(300 ± 30 compared with 100 ± 10) whereas antibody treatment 
of FcyRIIB-'- mice resulted in a 100-fold reduction (300 compared 



to 3). As shown before 2 , deletion of the activation ysubunit elim- 
inated the in vivo protective effect of this antibody (Fig. 1). NK 
cells, a principal cell type involved in antibody-dependent cell- 
mediated cytotoxicity (ADCC), express the activation Fcy recep- 
tor, FcyRIII (Genome DataBase designation, Fcgr3), but do not 
express the inhibitory counterpart, FcyRIIB. Thus, the increase 
seen in FcYRIIB-deficient mice cannot be attributed to NK cell 
hyper-responsiveness. Instead, monocytes and macrophages, 
which express both FcyRIII and FcyRIIB, may therefore function 
as the dominant effector cell in this antibody-dependent protec- 
tion in vivo. Thus the activity attributed to the protective IgG2a 
antibody in a wild-type animal represents the sum of the oppos- 
ing activation and inhibitory pathways contributed by NK cells, 
monocytes and macrophages. 

To determine the generality of this pathway of antibody-medi- 
ated cytotoxicity mediated by FcyRIIB, we investigated other 
well-defined tumor models for which therapeutic antibodies 
against tumors have been developed. Antibodies against the 
HER2/neu growth factor receptor prevent the growth of breast 
carcinoma cells in vitro and in vivo 1 . Similarly, antibodies against 
the CD20 antigen on B cells arrest the growth of non-Hodgkin's 
lymphoma 4 . These antibodies were developed based on their 
ability to interfere with tumor cell growth in vitro and are repre- 
sentative of a class that includes those with specificities for the 
epidermal growth factor receptor 5 , interleukin-2 receptor 6 and 
others 7 . Trastuzumab (Herceptin®), a humanized IgGl antibody 
specific for the cellular proto-oncogene pl85HER-2/neu (refs. 
8,9), and rituximab (Rituxan®), the chimeric monoclonal IgGl 
antibody specific for the B-cell marker CD20 (ref. 10), were re- 
cently approved for the treatment of HER-2 positive breast can- 
cer and B-cell lymphoma, respectively. Some in vitro studies have 
indicated that the essential mechanisms responsible for the anti- 
tumor activities of trastuzumab and its mouse 'parent' IgGl anti- 
body against HER2, 4D5, are due to receptor-ligand blockade 1112 ; 
others have indicated that factors such as ADCC may be impor- 
tant 912 . In vitro studies with rituximab and its mouse 'parent' an- 
tibody 2B8 have indicated a direct pro-apoptotic activity may be 
associated with this antibody 13 . 

To determine the contribution of interactions between the Fc 
domain and effector cell FcyRs to the in vivo activities of 
trastuzumab and rituximab, we modified the orthotopic athymic 
nude mouse tumor model to generate a suitable model to ad- 
dress the role of FcyRIIB and FcyRIII in the anti-tumor response. 
Mice deficient in the common y chain {FcRy'~) (14), lacking the 
activation Fcy receptors FcyRI and FcyRIII, and mice deficient in 
FcyRIIB (ref. 15) were each mated with athymic nude mice 
(nu/nu) to generate FcRy'/nu/nu and FcyRIIB' 1 ' I mil nu mice for 
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Fig. 1 Passive protection from pulmonary metastasis is increased consid- 
erably in FcyRI IB-deficient mice. Mice were injected intravenously with B16 
melanoma cells on day 0 and with antibody TA99 on days 0, 2, 4, 7, 9 and 
1 1 . Lungs were collected on day 1 4 WT, wild-type; -Ab, without antibody; 
+Ab, with antibody; r'~. FcRy*~; Rll'', FcyRllB^'. 



use in xenograft human tumor models. We then studied the 
anti-tumor activity of trastuzumab and 4D5 in preventing the 
growth of the human breast carcinoma BT474M1, which over- 
expresses pl85/HER-2/neu, in FcRy'~ and FcRy h athymic nude 
mice (Fig. 2a-d). Tumor growth, measured as volume, was iden- 
tical in homozygous FcRy'lmtlnu and FcRY h Inufnu mice in- 
jected subcutaneously with 5 x 10 6 BT474M1 cells. In FcRf* 
mice, a single intravenous dose of 4 ug/g antibody, followed by 
weekly intravenous injections of 2 ug/g antibody, resulted in 
near-complete inhibition of tumor growth (tumor mass reduc- 
tions of 90 and 96% in mice treated with 4D5 and trastuzumab, 
respectively) with only 4 of 17 mice developing palpable tumors. 
However, this protective effect of trastuzumab and 4D5 was re- 
duced in FcyR '- mice. Tumor mass in antibody-treated FcRy h 
mice was reduced by 29 and 44%, respectively, by trastuzumab 
and 4D5, and 14 of 15 mice developed palpable tumors. We ob- 
tained similar results with the FcRy''/nu/nu xenograft model for 
the mechanism by which rituximab inhibits B-cell lymphoma 
growth in vivo. Tumor growth of the human B-cell lymphoma 
cell line Raji was indistinguishable in FcRy'-fnujnu and 
FcRy'+Jnu/nu mice (Fig. 2e and f). However, the protective effect 
of weekly, intravenous, 10-ug/g doses of rituximab seen in 
FcRy h lnujnu mice was reduced in FcRy'~lnulnu mice. Treatment 
of wild-type athymic mice with rituximab resulted in reductions 
of tumor mass of more than 99%, and no wild-type mice devel- 



Flg. 2 Anti-tumor activities of 4D5, trastuzumab and rituximab require ac- 
tivation Fey receptors. Nude mice (n = 6-1 0 per group) were injected with 
BT474M1 cells (a-d) or Raji B cells (eand 0, followed by weekly injections of 
4D5 (a and b), trastuzumab (c and d) or rituximab (e and f). PBS, phos- 
phate buffered saline (control). The antibody-dependent tumor protection 
seen in BALB/c nude mice (WT; a, c and e) is absent in FcRj 1 ' nude mice (b, 
d and 0- All experiments were repeated three times with similar results. 



oped palpable tumors. In contrast, in FcRy 1 ' mice, little protec- 
tion was afforded by rituximab; six of seven mice developed pal- 
pable tumors, and tumor mass reductions averaged just 23%. 

In contrast, FcyRIlB' 1 ' mice were more effective at arresting 
BT474 growth in this nude mouse model (Fig. 3). At a sub-thera- 
peutic dose of antibody (a 0.4-ug/g loading dose and 0.2 ug/g 
given weekly), tumor growth in FcyRIIB-deficient mice was ar- 
rested, demonstrating the involvement of the inhibitory FcyRI IB 
pathway in this model as well. Nude mice have increased num- 
bers of NK cells, leading to the presumption that antibody pro- 
tection in those mice are not representative of the protection 
seen in syngenic systems, as in human disease. The observation 
that deletion of FcyRIIB increases protection in nude mice indi- 
cates the involvement of effector cells other than NK cells, such 
as monocytes and macrophages, in the protective response and 
further indicates that the Fc-receptor-dependent pathways are 
not restricted to an system biased to NK cells, but, as in the syn- 
genic melanoma system, is likely to be relevant in other syngenic 
systems as well. 

To further demonstrate the involvement of interactions be- 
tween Fc and Fey receptors in the protective response, we engi- 
neered a modification of 4D5 to disrupt the ability of the 
antibody to engage cellular Fey receptors while retaining its affin- 
ity for its cognate antigen pl85 HER-2/neu. We systematically 
mutated the CH2 and CH3 domains of mouse IgGl Fc sequence, 
replacing each amino acid, in turn, with alanine (alanine scan- 
ning). We then expressed each mutant antibody thus generated 
and determined its binding to mouse Fc receptors. Based on this 
alanine-scanning mutagenesis mapping, a single amino-acid re- 
placement at residue 265 in the Cn2 domain of the mouse IgGl 
heavy chain reduced binding of IgGl -containing immune com- 
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Fig. 3 Anti-breast tumor activity of 4D5 and trastuzumab is enhanced 
FcyRI IB-deficient mice. Nude mice (n = 8 per group) were injected with 
BT474M1 cells and treated with a 0.4-ug/g loading dose and 0.2 ug/g 
weekly (a sub-therapeutic dose for wild-type mice) of 4D5 (a) or 
trastuzumab (b). There is complete inhibition of tumors in FcyRI IB-deficient 
mice (dotted lines) at sub-therapeutic antibody doses. 



plexes to both FcyRIIB and FoyRIII in a receptor-coated plate 
assay (Fig. 4a). This residue was located at a site within the Fc 
portion of the IgG molecule thought to interact directly with 
surfaces of Fc receptors. We put the mutation of Asp to Ala at 
residue 265 into the 4D5 IgGl heavy chain gene and expressed 
this in parallel with the wild-type 4D5 IgGl heavy chain in A293 
cells along with the 4D5 kappa chain to produce 4D5 and mu- 
tant (D265A) antibodies. As the mutation would not be expected 
to disrupt antibody-antigen interactions, as predicted, both 4D5 
and D265A antibodies purified from transfected-cell super- 
natants bound cellular pl85HER-2/neu with equivalent avidity 
and had similar in vitro growth inhibitory activity when added to 
BT474M1 -expressing breast carcinoma cells in tissue culture (Fig. 
4b). However, although D265A retained the wild -type character- 
istics of in vivo half-life (data not shown), antigenic targeting and 
functional pl85HER-2/neu receptor blockade, the in vitro ADCC 
capacity of the mutant was lost as a consequence of its reduced 
affinity for FcyRIII on effector cells (Fig. 4c). In vivo, D265A, when 
tested in the breast carcinoma BT474M1 xenograft model, had 
less anti-tumor activity than 4D5 (Fig. 4d). Palpable tumors de- 
veloped in all wild-type athymic mice treated with D265A but 
developed in only two of five mice treated with 4D5. D265A 
treatment reduced tumor volumes by 30%, compared with a re- 
duction of 85% with 4D5. The attenuated anti-tumor responses 
of D265A correlate with its impaired ability to activate Fc-recep- 
tor-bearing effector cells despite its ability to inhibit tumor 



Fig. 4 In vitro and in vivo properties of the D255A mutant antibody. 
a, FcyRJII binding. Both wild-type and mutant Fc fragments were grafted 
onto an anti-human IgE Fab fragment. Solid-phase binding assays used 
hexameric complexes of human IgE and anti-human IgE and plates coated 
with recombinant FcyRMIs. A A9Q , absorbance at 490 nm. b, Growth inhibition 
of BT474M1 cells. Inset, Fluorescence-activated cell sorting analysis of 
BT474M1 cells demonstrates equivalent avidities of 4D5 (solid line) and 
D265A (dotted line) for cell surface p1 85 HER2/neu. Main graph, ^-thymi- 
dine incorporation of BT474M1 cells, measured in the presence of either 
4D5 or D265A. c, NK-cell ADCC of chromium-labeled tumor targets. 
Chromium-labeled SKBR-3 cells were incubated with NK effector cells (ef- 
fectontarget (E:T) ratios, horizontal axis), and release of label was quanti- 
fied, d, In vivo growth of breast carcinoma cells. Athymic BALB/c nu/nu 
mice were implanted with BT474M1 xenografts and their growth in re- 
sponse to treatment with 4D5, D265A or PBS was measured. 



growth in vitro, supporting the conclusion that Fc receptor en- 
gagement is a substantial contributing component of anti-tumor 
activity in vivo. 

Many mechanisms have been proposed for the ability of anti- 
bodies against tumors to mediate their effects in vivo. The data 
presented here indicate that Fey receptor binding contributes 
substantially to in vivo activity. This Fcy-recptor dependence 
seems to apply to more than a single antibody, as it has been 
seen in both syngenic and xenograft models for the three unre- 
lated tumors and target antigens presented here. Fey receptor 
engagement involves both activation and inhibitory receptors 
and thus indicates involvement of monocytes and macrophages 
in the effector cell component of the protective response. 
Supportive evidence for this interpretation is found in the abil- 
ity of trastuzumab to mediate ADCC in vitro and the ability of 
antibodies against Fc receptor to inhibit some of the in vivo 
activity of antibodies against CD20 (ref. 16). Although the stud- 
ies presented here demonstrate the importance of interactions 
between Fc and Fey receptors," triggering the growth and 
apoptotic regulatory pathways by antibody engagement of 
pl85HER2/neu and CD20 may still contribute to the total in 
vivo efficacy of antibodies against tumors. Support for this inter- 
pretation can be seen in the partial protection in FcRy f ' mice 
treated with antibodies against HER2/neu (Fig. 2), in which the 
anti-tumor activity of these antibodies against the BT474M1 
breast carcinoma cells was reduced but not ablated. Similarly, 
previous studies showed that the 225 antibody against epider- 
mal growth factor receptor was able to reduce the epithelial 
tumor cell A431 growth in vivo as an F(ab') 2 , although with only 
50% of the activity shown by the intact antibody 17 . Blocking the 
signaling on tumor cells by antibodies may also act synergisti- 
cally with immune effector responses by rendering the tumor 
cells more susceptible to immune effector cell triggered apop- 
totic or lytic cell death 18 . Our results thus indicate the impor- 
tance of selection and engineering of therapeutic antibodies 
against tumor to maximize their interactions with FcyRIII and 
minimize their interaction with FcyRIIB, which along with the 
appropriate antigenic target will potentiate their therapeutic ca- 
pacity. In addition, these studies emphasize the fundamental 
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importance of the inhibitory pathways in vivo and indicate that 
individual responses to antibodies against tumors may depend 
on the expression of these inhibitory pathways. 

Methods 

Melanoma metastasis model. Mice were injected intravenously with 1 x 
1 0 6 B1 6 melanoma cell on day 0 and with either phosphate-buffered saline 
(PBS) or 20 ug purified TA99 intraperitoneally on days 0, 2, 4, 7, 9 and 1 1 . 
In previous experiments 2 , a dose of 200 jig of monoclonal antibody TA99 
induced a reduction of more than 90% in tumor metastasis in wild-type but 
not FcRy 1 ' mice. However, at this lower dose of TA99 (20 jig), only limited 
protection was provided against tumor metastasis in wild-type mice. Mice 
were killed on day 14 and surface lung metastasis were counted under a 
dissecting microscope. 

Tumor xenograft models. For breast carcinoma xenograft experiments, 
5 x 10 6 BT474MI cells (BT474 subclone derived at Genentech, South San 
Francisco, California) were injected subcutaneously on day 1 in 0.1 ml PBS 
mixed with 0.1 ml Matrigel (Collaborative Research, Bedford, 
Massachusetts). BALB/c nude mice, FcRr'~ BALB/c nude mice or FcyRit 1 ' 
BALB/c nude mice 2-4 months old were injected subcutaneously with 1 7p- 
estradiol 60-day release pellets (0.75 mg/pellet; Innovative Research of 
America, Sarasota, Florida) 24 h before tumor cell injection. Therapeutic an- 
tibodies (obtained from clinical material, in vials; Genentech, South San 
Francisco, California) were injected intravenously beginning on day 1 at a 
loading dose of 4 ug/mg, with weekly injections of 2 ug/mg for BALB/c 
nude and FcRy 1 ' BALB/c nude. A dose 1 0% of this (0.4 ug/mg, loading; 0.2 
ug/mg, weekly) was used for the experiments in Fig. 3. For B-cell lym- 
phoma xenograft experiments, BALB/c nude mice or FcRy 1 ' BALB/c nude 
mice 2-4 months old were irradiated with 3.0 cGy before subcutaneous in- 
jection of 5 x 10 6 Raji B-lymphoma cells. Rituximab (Rituxan*; IDEC 
Phamaceuticals, San Diego, California) was given at a dose of 10 ug/g 
weekly. Tumor measurements were obtained weekly. 

Engineering of D254A mutant antibody and binding assays. Site-di- 
rected mutagenesis was accomplished using the QuikChange Mutagenesis 
Kit (Stratagene, La Jolla, California). Mutant antibody was transiently ex- 
pressed in A293 cells in the pRK expression vector, and conditioned super- 
natants were collected and purified by protein G affinity column 
chromatography. The ability of various mutants to bind recombinant FcyRs 
was measured using an in vitro binding assay 19 . Microtiter plates were 
coated with 1 00 ng/well of a fusion protein of recombinant FcyRIII and glu- 
tathione S-transferase in PBS. Plates were washed with PBS supplemented 
with 0.05% Tween-20 (wash buffer) then blocked for 1 h at room tempera- 
ture with 0.5% BSA, 50 mM Tris-buffered saline, 0.05% Tween 20, 2mM 
EDTA, pH 8.0 (ELISA buffer). The lgG1 Fc fragment of murine 4D5 as well as 
D265A was grafted onto the Fab of anti-human IgE (monoclonal antibody 
E27) and recombinant antibody was produced as described above. The ad- 
dition of human IgE to E27 with wild-type or mutant Fc domains in a molar 
ratio of 1 :1 in ELISA buffer led to the formation of homogeneous hexameric 
complexes. Complexes were added to the plates, washed five times in wash 
buffer, and were detected by the addition of goat F(ab') 2 antibody against 
mouse IgG, with subsequent colorimetric development. 

Growth inhibition assays. BT474MI cells were plated at a density of 1 x 
10* cells per well and allowed to adhere for 24 h. Antibody was added for 
48 h, followed by a 14-hour pulse with 3 H-thymidine. Cells were collected 
onto filter mats and incorporated radioactivity was counted in a Wallac 
Microbeta scintillation counter. BT474M1 cells were incubated with 4D5 or 
D265A, and stained with FITC-conjugated goat antibody against mouse 
IgG. Fluorescence intensity was measured on a FACScan flow cytometer 
(Becton-Dickinson, San Jose, California). 



In vitro ADCC assay. Adherent NK effector cells were obtained from inter- 
leukin-2-stimulated (250 U/ml; Sigma), 1 4-day cultures of splenocytes non- 
adherent to nylon-wool. Four-hour ADCC reactions used as target cells 5 x 
1 0 4 chromium-labeled, HER2-overexpressing, SK-BR3 breast carcinoma cells 
(American Type Culture Collection, Rockville, Maryland) in 96-well plates in 
the presence or absence of 10 ucj/ml antibody. Percent cytotoxicity is ex- 
pressed as [counts in supernatant-spontaneous release (without effec- 
tors)]/[total counts incorporated-spontaneous release]. Data are expressed 
as the mean of three replicate wells.. 
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Divergent Immunoglobulin G 

Subclass Activity Through 
Selective Fc Receptor Binding 

Falk Nimmerjahn and Jeffrey V. Ravetch* 

Subclasses of immunoglobulin G (IgG) display substantial differences in their 
ability to mediate effector responses, contributing to variable activity of anti- 
bodies against microbes and tumors. We demonstrate that the mechanism 
underlying this long-standing observation of subclass dominance in function is 
provided by the differential affinities of IgG subclasses for specific activating IgG 
Fc receptors compared with their affinities for the inhibitory IgG Fc receptor. The 
significant differences in the ratios of activating-to-inhibitory receptor binding 
predicted the in vivo activity. We suggest that these highly predictable functions 
assigned by Fc binding will be an important consideration in the design of 
therapeutic antibodies and vaccines. 



Antibodies have evolved into classes with spe- 
cific assigned functions. Within these classes, 
further subclassification extends immuno- 
globulin diversity, most strikingly in the four 
subclasses of IgG of mammals (/). In rodents 
and primates, these subclasses have evolved 
specialized effector responses, such as cyto- 
toxicity, phagocytosis, and release of in- 
flammatory mediators (2, 3). IgG subclass 
expression is influenced by multiple factors, 
including the prevailing cytokine environ- 
ment. For example, the T helper cell T H 2 
cytokine interleukin 4 (I L-4) preferentially 
induces switching to IgGl and IgE, whereas 
transforming growth factor-p (TGF-p) induces 
switching to IgG2b and IgA (4-6). Alter- 
natively, T H 1 cytokines such as interferon-y 
(IFN-y) result in IgG2a, 2b, and 3 switching 
(7). Switching is also strongly influenced 
by the nature of the stimulating antigen. For 
example, protein antigens elicit a thymus- 
de pendent response generally dominated by 
IgGl, 2a, and 2b, whereas carbohydrate anti- 
gens can induce so-called thymus-independent 
responses that result in IgG3 antibody ex- 
pression (8). Among IgG subclasses, IgG2a 
and 2b are generally considered to be the 
most potent for activating effector responses 
and dominate antiviral immunity and auto- 
immune diseases (9-11). Such functional dis- 
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tinctions among these IgG subclasses have been 
attributed to differences in their capacity to fix 
complement (12, 13). However, studies in 
complement-deficient mice have challenged 
this assumption and have focused attention on 
the cellular receptors for IgG, the FcyRs, as the 
primary mediators of IgG effector responses 
(14, 15). We hypothesized that unified mech- 
anisms accounting for the different potencies 
of IgG subclasses might be based on the 
differential binding to the known FcRs. 

Activation FcyRs are expressed on all 
myeloid cells, and their cross-linking re- 
sults in sustained cellular responses (3). 
Balancing these activation receptors is the 
inhibitory Fc receptor, FcyRIIB, which, when 
coligated to activation receptors, dampens 
the cellular response (3, 16). The coexpres- 
sion of activation and inhibitory receptors 
establishes a threshold for cellular triggering 
by IgG antibodies. Although all FcyRs can 
bind IgG immune complexes, we have ob- 
served that individual Fc receptors display 
significantly different affinities for IgG sub- 
classes (17). We described this differential 
affinity for functionally distinct FcRs by 
specific IgG subclasses as a ratio, referred 
to as the activating-to-inhibitory (or A/I) 
ratio (17). These AVI ratios were found to 
differ by several orders of magnitude be- 
tween IgG subclasses and thus raised the 
possibility that the variation in in vivo IgG 
subclass activity could be directly linked to 
the specific A/I ratio. To address this hy- 
pothesis, we established an in vivo system 
for testing antibodies that differed in their 



A/I ratios. The variable portions of the im- 
munoglobulin heavy chain (V H regions) of the 
cloned hybridomas that recognize either the 
melanosome gp75 antigen (TA99) or a platelet 
integrin antigen (6A6) were grafted onto IgG 1 , 
2a, 2b, or 3 Fc regions and coexpressed with 
the appropriate light chains (17, IS). These 
recombinant antibodies were purified, and 
subsequent testing revealed that switching the 
constant regions of IgG did not affect antigen 
binding affinity (18) (table SI). As expected, 
however, specific differences in binding affin- 
ity of each subclass to specific FcyRs were 
observed, resulting in different A/I ratios for 
each subclass (17) (fig. SI, table S2). 

To determine whether the differences in A/I 
ratios for individual subclasses correlate to in 
vivo biological activity, we investigated the 
ability of these class-switched antibodies to me- 
diate their specific biological functions: tumor 
clearance and platelet depletion (14, 19). Both 
TA99 (Fig. 1, A and B) and 6A6 (Fig. 1C) 
carrying IgG2a constant regions (A/I = 70) 
displayed enhanced activity compared with 
these antibodies bearing IgGl constant regions 
(A/I = 0.1). IgG2a and 2b were equivalent in 
their ability to mediate platelet clearance, 
whereas IgG2a resulted in enhanced anti- 
body-dependent cellular cytotoxicity (ADCC) 
in the metastatic melanoma model compared 
with IgG2b (A/I = 7) (Fig. 1, A and B). The 
hierarchy of activity for the IgG subclasses 
in these immune functions was thus IgG2a > 
IgG2b > IgGl » IgG3, mirroring the hierar- 
chy based on the A/I ratios (Fig. ID). 

We next tested the mechanism of this 
observed differential activity by repeating 
the experiments using strains of mice car- 
rying specific deficiencies in, or blocked 
activation of, different activating FcyRs or 
complement components (Fig. 2; fig. S2). 
No differences in in vivo activity were ob- 
served in complement-deficient (C4, C3, or 
CR1/2) strains (fig. S2). In contrast, IgGl, 
2a, and 2b all depended on expression of 
activating FcyR, because activity was abro- 
gated in the common y chain-deficient back- 
ground (Fig. 2, A, B, and E). Because IgG2a 
has been shown to bind to all of the y chain- 
containing activating FcyRs in vitro [with 
high affinity (10 8 to 10 9 M~ l ) to FcyRI, 
intermediate affinity (10 7 M" 1 ) to FcyRI V, 
and low affinity (10 6 M _l ) to FcyRIII], its 
in vivo capacity to deplete platelets or to me- 
diate ADCC could, in principle, result from 
engagement of one or more of these FcyRs. 
We tested the contributions of each of these 
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Fig. 1. Hierarchy of anti- ^ B 

body isotype-mediated ef- 
fector functions in vivo. (A 
and B) B16-F10 lung me- 
tastasis in mice treated 
with TA99 switch variants 
(mean ± SEM). Mice were r- co 

injected as described (78); <§, S o 

the number of surface lung ^ ? t 

metastasis was evaluated < « §> 

on day 15. *P < 0.0001; K 5 5 

**P < 0.01. (C) Platelet 

depletion with 6A6 switch variants (mean ± SEM). Mice were injected as described (78), platelet counts were 
determined at the indicated time points. (D). A/I ratio for the indicated switch variants. 
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Fig. 2. FcyR dependence of antibody isotype-mediated effector 
functions. (A and B) FcR-deficient mice, as indicated, were injected 
with B16-F10 melanoma cells and treated with TA99-lgG2a antibody or 
phosphate-buffered saline (mock) as described (78) (mean ± SEM). *P < 
0.0001; N = 5. (C and D) FcyRI - /_ mice were injected with B16-F10 
melanoma cells, treated with TA99-lgG2a alone or together with an 
FcyRIV blocking or an isotype-matched control antibody, as described 
(78). *P < 0.001. (E) FcR dependence of 6A6 switch variants. Shown is 
the platelet count after injection of the indicated isotype variants (78): 



+TA99-lgG2a 



receptors to the in vivo activity of this sub- 
class using mice deficient in or blocked for 
each receptor. TA99-IgG2a-mediated tumor 
clearance and 6A6-IgG2a-mediated platelet 
depletion were undiminished in mice defi- 
cient in either FcyRI or III (Fig. 2, C to E); 
in contrast, blocking FcyRIV binding with a 
specific monoclonal antibody significantly re- 
duced these IgG2a-mediated activities (Fig. 2, 
C to E). Similarly, 6A6-IgG2b activity was 
only dependent on FcyRIV engagement, de- 
spite its in vitro binding to both FcyRI 1 1 and 
IV (17) (Fig. 2E). In contrast, the 6A6~IgGl 
switch variant was only dependent on FcyRI 1 1 
engagement (17) (Fig. 2E). 



The A/I ratio of 0.1 for IgGl suggested 
that IgGl might exhibit a greater dependence 
in its in vivo activity on FcyRI IB expres- 
sion. Consistent with this prediction, we 
observed that IgGl displayed the most signif- 
icant enhancement in activity in mice lacking 
the inhibitory receptor, both in tumor clear- 
ance (Fig. 3, A and B) and platelet deple- 
tion (Fig. 3C) relative to IgG2a or 2b switch 
variants (Fig. 3, A to C). In contrast, IgG2a 
(A/I = 70) showed the least enhancement in 
biological activity in FcyRIIB-deficient mice 
(Fig. 3, B and C). By comparison, IgG2b 
(A/I = 7) differed in the magnitude of en- 
hancement displayed in the FcyRIIB-deficient 



strains between each of the two models, with 
a significant increase in tumor clearance 
(Fig. 3B), but only minimal enhancement 
in platelet depletion (Fig. 3C). The inter- 
mediate A/I ratio of this subclass may render 
it more sensitive to the absolute level of 
inhibitory receptor surface expression and the 
specific effector cell engaged. This makes 
the dependence of IgG2b on FcyRI IB con- 
sistent with the observation that expression 
of this FcyR is minimal on splenic macro- 
phages (15, 20), the cell type responsible for 
platelet clearance, but higher on alveolar ma- 
crophages, which are involved in the meta- 
static melanoma model (27). 
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Fig. 3. A/I ratio determines in vivo 
efficacy of native and modified 
antibodies. (A to C) Differential ef- 
fects of inhibitory receptor ex- 
pression on IgG subclass activity. 
(A and B) C57BL/6 wild-type or 
FcyRIIB -7- mice were injected 
with B16-F10 melanoma cells 
and treated with TA99 switch 
variants, as described (78). *P < 
0.0001; **P < 0.05; N = 5. (C) 
C57BL/6 or FcvRIIB"'" mice 
were injected with 6A6 antibody 
switch variants, as described 
(78). (D to F) Modified antibodies 
with increased A/I ratio display 
enhanced cytotoxic activity. (D) 
Fold increase in association con- 
stants (K A ) for Clq and FcyRs l-IV 
in binding to fucosylated or non- 
fucosylated TA99 switch variants. 
(E and F) Clearance of B16 mela- 
noma lung metastasis with TA99- 
lgG2b with or without fucose (78). 
*P< 0.0001. 
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To further explore the relation between 
the A/I ratio of IgG subclasses and their 
activity, modified IgG constant regions were 
generated. FcR binding to IgG depends on 
the presence of N-l inked glycosylation at 
position 297, and deglycosylation abrogates 
all FcR binding (22). However, selective 
removal of specific carbohydrates, such as 
fucose, has been suggested to enhance hu- 
man IgGl binding to human FcyRIII and, 
thus, to enhance NIC cell-mediated ADCC in 
vitro (25, 24). We therefore prepared fucose- 
sufficient and fucose-deficient TA99-IgGl, 
2a, and 2b subclasses and compared their 
binding to antigen, complement, and FcyRI, 
II, III, and IV {18). Fucose-deficient anti- 
bodies ranged in their binding affinities to 
their respective FcyRs, but not for antigen or 
Clq, the first component of complement (23) 
(table SI, S2; Fig. 3D). TA99-IgGl, with or 
without fucose, displayed minimal differ- 
ences in binding to FcyRIIB and III, whereas 
fucose-deficient IgG2a and 2b antibodies 
bound with higher affinity (by an order of 
magnitude) to FcyRI IB and IV compared with 
fucose-sufficient versions. These differences 
in binding affinities resulted in alterations 
to the respective A/I ratios that were most 
pronounced for IgG2b, with defucosylation 
increasing its A/I ratio from 7 to 20 (Fig. 3E; 
table S2). Furthermore, this translated into 
significantly enhanced in vivo activity for 
fucose-deficient TA99-IgG2b (Fig. 3, E and 
F). This selective effect of IgG defucosyla- 
tion on FcR binding further illustrates the 
specificity of IgG subclasses in their inter- 



actions with individual FcRs and the contri- 
bution of these affinities for IgG to in vivo 
activity. 

The studies described here provide a 
mechanistic basis for the observed varia- 
tion in IgG subclass activity in both active 
and passive vaccination and in the variable 
pathogenicity of the IgG subclasses in auto- 
immune conditions. The selective FcR bind- 
ing affinities for the IgG subclasses and 
fucose-deficient antibodies appeared to be 
predictive of the in vivo activity for cytotoxic 
antibodies in models of tumor clearance 
and platelet depletion. Although significant 
differences between the mouse and human 
IgG subclasses and the FcyRs have been 
described (25), the principles that have 
emerged from these mouse studies are 
likely to apply to human antibodies as well 
as their respective FcRs. Such considera- 
tions may prove important in the design of 
antibody-based therapeutics and active vac- 
cination protocols. 
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Mac-1 (CD1 lb/CD 18) is crucial for effective Fc receptor-mediated 
immunity to melanoma 

Annemiek B. van Spriel, Heidi H. van Ojik, Annie Bakker, Marco J. H. Jansen, and Jan G. J. van de Winkel 



Antibody-reliant destruction of tumor cells 
by immune effector cells is mediated by 
antibody-dependent cellular cytotoxicity, 
in which Fc receptor (FcR) engagement 
is crucial. This study documents an 
important role for the p 2 Integrin Mac-1 
<CD11b/CD18) in FcR-mediated protec- 
tion against melanoma. CD11b-deficient 
mice, those that lack Mac-1, were less 

Introduction 



protected by melanoma-specific mono- 
clonal antibody TA99 than wild-type (WT) 
mice. Significantly more lung metastases 
and higher tumor loads were observed in 
Mac-1 _/ " mice. Histologic analyses re- 
vealed no differences in neutrophil infiltra- 
tion of lung tumors between Mac-1 ~'~ and 
WT mice. Importantly, Mac-1 _/ " phago- 
cytes retained the capacity to bind tumor 



cells, implying that Mac-1 is essential 
during actual FcR-mediated cytotoxicity. 
In summary, this study documents Mac-1 
to be required for FcR-mediated antimela- 
noma immunity in vivo and, furthermore, 
supports a role for neutrophils in mela- 
noma rejection. (Blood. 2003;101:253-258) 

© 2003 by The American Society of Hematology 



Antibody (Ab>-<lependent cellular cytotoxicity (ADCC) is considered 
crucial for Ab-mediated tumor cell degradation. Specific Ab-Fc receptor 
(FcR) interactions establish close contacts between tumor targets and 
immune effector cells, which triggers cytotoxicity and cytokine release. 
Neutrophils, monocytes, macrophages, and natural killer (NK) cells can 
mediate ADCC via activating FcRs, which include FcvRIa (CD64), 
Fc7RIIa (CD32), FcvRIIIa (CD16), and FaxRI (CD89) in man, and 
FC7RI and FevRIII in mice. 1 " 4 Although Abs may affect tumor growth 
via FcR-unrelated mechanisms (such as complement-dependent lysis, 
blockade of growth factor receptors, or via induction of apoptosis), 5 in 
vivo antitumor effects of Abs have been documented to depend on 
immune activation through FcRs. 6 * 8 

Numerous studies in cancer immunology focused on melanoma 
and melanoma-specific differentiation antigens that induce immune 
responses. 9 If tolerance is broken, melanosomal proteins can be 
recognized by T cells, which may provide B-cell help and 
participate in Ab production. Actual tumor rejection seems depen- 
dent on phagocytes, which may be activated by CD4 + or NK 
cells. 1012 Improved clinical outcome has, furthermore, been corre- 
lated with the presence of melanoma-specific Abs in patients. 13 
Ab-mediated protection in the murine B16F10 melanoma model is 
well established. Monoclonal antibody (mAb) TA99, specific for 
melanoma differentiation antigen gp75 (brown locus protein, or 
TRP-1), is effective in preventing and eradicating early established 
metastases." Studies with mice deficient in the FcR y chain, 
lacking expression of FC7RI and FevRIII, revealed activating FcR 
to be critical in TA99-mediated tumor rejection. 6 Further evidence 
supporting FcR dependence in Ab-mediated melanoma rejection 
was established by (1) the documented inability of F(ab')2 frag- 
ments to mediate protection, 12 (2) lack of Ab effects on tumor cells 



in the absence of effector cells,' 2 and (3) enhancement of antitumor 
immunity in FC7RII (inhibitory murine FcR) knock-out mice. 7 

Mac-1 (CD1 lb/CD 18) represents the leukocyte a m p 2 integrin, 
which is expressed on neutrophils, monocytes, macrophages, and 
NIC cells. Mac-1 binds multiple ligands and is important in 
leukocyte adhesion, chemotaxis, migration, phagocytosis, and 
cytotoxicity. 14 CD 18 linkage to the actin cytoskeleton and associ- 
ated proteins enables Mac-1 signaling. 15 - 16 Furthermore, Mac-1 has 
been proposed to act as a signaling partner for other leukocyte 
receptors, including lipopolysaccharide (LPS)/LPS binding protein 
(LBP) receptors (CD 14), formyl-methionyl-leucyl-phenylalanine 
(FMLP) receptors, urokinase plasminogen activator receptors 
(CD87), and FcRs. 17 

Involvement of Mac-1 in phagocyte FcR-mediated phagocyto- 
sis and respiratory burst activity has been documented. 18 " 20 Phago- 
cytes from leukocyte adhesion deficiency patients lack (3 2 integrins, 
and are defective in phagocytosis and ADCC. 14 - 21 An important role 
has been shown for Mac-1 in FcR-mediated cytotoxicity toward 
tumor cells, parasites, virus-infected cells, and erythrocytes. 22 " 26 
Recently, Mac-1 was shown to be crucial for neutrophil spreading 
on Ab-coated tumor cells and formation of immunologic synapses. 
This was postulated to underlie the mechanism of Mac-1 require- 
ment for Ab-mediated tumor cytolysis. 27 Although all these studies 
point to an essential role for Mac-1 in ADCC, Mac-1 involvement 
in Ab-mediated tumor rejection has not been documented in vivo. 
Therefore, we established the syngeneic B16F10 melanoma model 
in Mac-1 -deficient mice and studied Ab-mediated protection. This 
study documents Mac-1 to be required for FcR-mediated immunity 
to melanoma and, furthermore, supports an active role for neutro- 
phils in antimelanoma responses. 
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Materials and methods 

Antibodies and peg-G-CSF 

mAb TA99 (mouse IgG2a), which is directed against the gp75 antigen, was 
purified from hybridoma HB-8704 (American Type Culture Collection, 
Manassas, VA) by protein A Scpharose chromatography (Amersham, 
Uppsala, Sweden). mAb 17-1 A (mIgG2a), used as an isotypc control, was 
kindly provided by Dr T. Valerius (Erlangcn, Gennany). mAb 520C9 
(mlgGl, directed against the proto-oncogenc product HER-2/ncu) was 
obtained from Mcdarcx (Annandale, NJ). mAb GR-1 (PharMingen, San 
Diego, CA) and F4/80 (Scrotec, Oxford, United Kingdom) were used in 
immunohistochemistry to examine neutrophil and monocyte/macrophage 
infiltration, respectively. Human recombinant polyethylene-glycol granulo- 
cyte colony-stimulating factor (pcg-G-CSF) was kindly provided by Dr J. 
Andrescn (Amgen, Thousand Oaks, CA). Covalcnt attachment of polycthyl- 
cnc-glycol (peg) to G-CSF extends its half-life. 28 Previous work indicated 
pcg-G-CSF to exhibit similar in vivo biologic effects as uncoupled G-CSF. 29 

Tumor cell lines and gp75 expression 

The B16F10 mouse melanoma cell line of C57B1/6 origin was from NCI 
(Frederick, MD). Cells were grown in RPMI 1640 medium (Gibco BRL, 
Grand Island, NY) supplemented with 10% heat-inactivated fetal calf 
scrum (FCS), penicillin (50 IU/mL), and streptomycin (50 u.g/mL). B16F10 
cells were detached with 0.02 mM EDTA (ethylenediaminctctraacctic acid) 
in phosphate-buffered saline (PBS), and washed twice with PBS. Gp75 
expression was determined by incubating B16F10 cells with mAbTA99 (25 
|xg/mL) at 4°C for 30 minutes, followed by staining with fluorescein 
isothiocyanatc (FITC)-labeled F(ab')2 fragments of goat anti-mouse immu- 
noglobulin G (IgG) (Protos, San Franscisco, CA). Total gp75 expression in 
B16F10 cells was assayed upon permcabilization with mcthanol/acetone 
(1:1) at 4°C for 15 minutes. In addition, B16F10 cells were incubated with 
control mIgG2a (17-1 A) and FITC-labcled goat anti-mouse IgG. FITC- 
fluorescence intensities were analyzed on a FACScan flow cytomcter 
(Becton Dickinson, San Jose, CA). SK-BR-3 (human breast carcinoma) 
cells (ATCC, HTB-30) were used as controls in ADCC experiments. 

ADCC assay 

To increase circulating effector cells, mice were injected subcutaneously 
with 15 |xg peg-G-CSF, and blood was collected from the retro-orbital 
plexus 3 days later. Erythrocytes were removed by hypotonic lysis, 
followed by washing remaining leukocytes 3 times with RPMI 1640 
medium with 10% FCS. Cell viability determined by trypan blue exclusion 
was always more than 95%. Fluorescence activated cell sorting (FACS) 
analyses revealed leukocytes to consist of, approximately, 55% neutrophils, 
40% lymphocytes, 3% monocytes, and 1% eosinophils. The capacity of 
leukocytes to lysc tumor cells was evaluated in 5, Chromium ( 5, Cr) release 
assays. 30 Briefly, 5, Cr-labcled B16F10 or SK-BR-3 cells were plated in 
round-bottom 96-well plates (5 X 10 3 cells/well) in RPMI 1640 medium 
with 10% FCS. Isolated mouse leukocytes were added in the absence or 
presence of mAb TA99 (concentrations ranging from 1 jjig/mL-100 ng/mL) 
or 2 [xg/mL mAb 520C9, giving different effector-to-target ratios, and 
incubated for 4 hours at 37°C, after which 5l Cr release was measured in 
supernatants. 

Mice 

C57BL/6 wild-type (WT) mice were purchased from Harlan (Horst, The 
Netherlands). CD I lb-deficient mice (Mac-1 _/ ~), in the C57BL/6 back- 
ground, were kindly provided by Dr T. N. Mayadas (Harvard Medical 
School, Boston, MA). 2527 ' 31 Experiments were performed with 8- to 
12-wcck-old female and male mice. Mice were maintained at the Central 
Laboratory Animal Institute (Utrecht University) and experiments were 
approved by the Utrecht University animal ethics committee. 



Melanoma model 

C57BL/6 WT and Mac-1 ~ /_ mice were injected intravenously with 1 X 10 5 
B16F10 tumor cells (in 100 jaL saline) on day 0. Mice were treated 
intrapcritoncally with 200 u,L saline (control), or with 200 u-g mAb TA99 
(in 200 uX saline) on days 0, 2, 4, 7, 9, and 1 1 . In other experiments, mice 
were treated with pcg-G-CSF or with mAb TA99 and pcg-G-CSF. 
Peg-G-CSF was administered as a subcutaneous injection of 20 jxg (in 150 
\xL saline) on days —3 and -4. Mice were observed daily and killed when 
they became seriously ill (inactive/blurred fur) or paralyzed. Surviving 
mice were killed at day 21. Since metastases of B16FI0 melanoma are 
readily visually detected, they were scored at the macroscopical level by 2 
independent investigators, who were blinded for the treatment. Lungs from 
all mice were excised and scored for (I) the number of surface metastases 
and (2) tumor load. Tumor load was defined by the sum of the following 
scores: metastases less than 1 mm were scored as 1 ; metastases of 1 mm to 2 
mm scored as 3; and metastases more than 2 mm scored as 10. Tumor load 
correlated closely with the number of metastases (Figure 2). Secondary 
target organs, including thoracic and abdominal lymph nodes, liver, 
kidneys, spleen, and the central nervous system (CNS) were also examined 
for the presence of melanoma metastases, and the mean number of 
metastases per target organ was calculated (n 2: 6 per group). In additional 
experiments, mice were killed and lungs were excised at day 7, 1 1, or 15 
after tumor inoculation and frozen in liquid nitrogen for immunohistochemi- 
cal analyses. Mean numbers of GR-l-positivc cells in lungs with detectable 
metastases were quantified by 2 independent investigators using 
light microscopy. 

Immunohistochemistry 

Frozen sections of lungs (6 \xm thick) were placed on supcrfrost slides 
(Menzcl, Braunschweig, Germany), air-dried overnight, and fixed in 
acetone for 10 minutes at 20°C. Slides were incubated with 0.3% H 2 C>2 to 
quench endogenous peroxidase activity. After fixation, slides were blocked 
with 10% normal mouse scrum, and incubated with mAb GR-1 (1 :250) or 
mAb F4/80 (1:2) for 1 hour. After repeated washing with PBS 0.05% 
Twcen, sections were incubated with pcroxidase-labclcd rabbit anti-rat IgG 
(DAKO, Glostrup, Denmark) (1:1200) for 30 minutes at 20°C. Primary 
antibodies were diluted in 2% normal mouse scrum, and a secondary Ab 
was diluted in 1% normal mouse and 2% normal rabbit serum. Upon 
washing with PBS 0.05% Twcen and with sodium acetate buffer (0.1 M, pH 
5.0), peroxidase activity was detected by incubating slides with 0.4 mg/mL 
3-amino-9-cthylcarbazolc (Sigma) for 15 minutes. Subsequently, slides 
were rinsed in distilled water, countcrstaincd with Mayer hematoxylin 
(Merck, Darmstadt, Germany), and mounted in aquamount (BHD, 
Poole, England). 

Statistical analysis 

Unpaired Student t tests and Welch tests were used to determine statistical 
differences. Significance was accepted at the P < .05 level. 



Results 

mAb TA99 recognizes gp75 antigen on B16F10 melanoma cells 

We first examined the binding of mAb TA99 to B 1 6F 1 0 melanoma 
cells. Low gp75 expression (mean fluorescence intensity [MFI] of 
9.94, vs MFI of 3.55 in the control) was found on B16F10 cell 
membranes, whereas high levels were detectable in permeabilized 
cells (MFI of 551.3) (Figure 1). Control mIgG2a and FITC-labeled 
anti-mouse IgG did not bind B16F10 cells. Next, we assessed 
whether isolated murine leukocytes mediated ADCC of melanoma 
cells. Leukocytes of WT mice did not mediate Ab-dependent 
cytotoxicity of B16F10 cells at a range of effector-to-target ratios 
(data not shown). This was in contrast to breast carcinoma cells 
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Figure 1. Gp75 expression on B16F10 melanoma cells. The interaction of mAb 
TA99, which binds the gp75 melanocyte differentiation antigen, with in vitro-grown 
B16F10 cells was analyzed by flow cytometry. B16F10 cells were incubated with 
control mlgG2a (thin solid line) or TA99 (thick solid line), and FITC-conjugated 
anti-mouse IgG, to assess gp75 membrane expression. Total gp75 expression was 
assayed by TA99 staining on permeabilized B1 6F10 ceils (dashed line). 



(SK-BR-3), which were effectively lysed (56.3% ± 2.5% cytoly- 
sis, n = 4) by WT leukocytes in the presence of mAb 520C9. mAb 
520C9 recognizes the antigen HER-2/neu on SK-BR-3 cell mem- 
branes (MFI of 90.86 vs MFI of 2.9 in the control). 

Ab-mediated protection against melanoma is enhanced 
by G-CSF 

Previous work indicating that T and NK cells do not play a direct 
role in Ab-mediated rejection of B16F10 melanoma 1012 prompted 
us to study the effect of peg-G-CSF on Ab-induced antitumor 
responses. Peg-G-CSF mediates in vivo activity similar to G-CSF, 
but has a prolonged half-life. 28 - 29 WT mice were inoculated with 
1 X 10 5 B16F10 cells, treated with either saline, mAb TA99, 
peg-G-CSF, or both TA99 and peg-G-CSF, and the number of lung 
metastases (Figure 2A) and tumor load (Figure 2B) were deter- 
mined after 21 days. TA99 treatment led to protection against 
melanoma (61% reduction in number of lung metastases and 78% 
reduced tumor load, compared with controls). Peg-G-CSF, how- 
ever, enhanced TA99-mediated antitumor activity significantly 
(95% reduction in number of metastases and 99% reduced tumor 
load). Upon combination treatment with TA99 and peg-G-CSF, 
64% of mice were tumor-free at day 2 1 . In additional experiments, 
mice were followed up after TA99/peg-G-CSF combination treat- 
ment, and were found to be alive without symptoms at the last 
observation at day 70. Peg-G-CSF treatment, by itself, did not lead 
to decreased tumor growth ( 1 2.9 ± 1.1% metastases and 61 ± 6.6% 
tumor load; n = 14). 

Excitingly, the combination treatment was also protective when 
started 7 days after tumor cell injection (75% reduction in number 
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Figure 2. Peg-G-CSF augments Ab-induced protection against melanoma. WT 

mice were challenged intravenously with 1 x 10 5 B16F10 melanoma cells and 
treated with saline (control), mAb TA99, or TA99, and peg-G-CSF. Number of lung 
metastases (A) and pulmonary tumor load (B) were determined on day 21. Data are 
expressed as means ± SEMs from at least 14 mice per group of 2 individual 
experiments. 'Significant difference compared with TA99 treatment (P < .05. deter- 
mined with unpaired Student f tests). 



of lung metastases and 72% reduced tumor load, compared with 
controls; n = 6). Moreover, 33% of the treated mice were tumor- 
free after 21 days in this therapy model. 

Mac-1 is required for Ab-induced antimelanoma activity 

To assess the relevance of Mac- 1 in FcR-mediated tumor 
cytotoxicity in vivo, we established the syngeneic B16F10 
melanoma model in CD 1 lb-deficient mice, which were of the 
same background as WT mice (C57B1/6). B16F10 cells grew 
well in Mac-l~ /_ mice, leading to advanced lung metastases 
after 3 weeks, similar to WT mice (Figure 3). A striking 
difference in melanoma growth was observed, however, be- 
tween Mac-l _/ ~ and WT mice upon treatment. MAb TA99 
combined with peg-G-CSF treatment resulted in almost com- 
plete tumor remission in lungs of WT mice, whereas Mac-1 _/ " 
mice still contained clear melanoma infiltration despite treat- 
ment (Figure 3A). Quantification of pulmonary metastases 
revealed WT mice to be significantly better protected than 
Mac-1 -/ ~ mice by mAb TA99 therapy (Figure 3Bi), as well as 
TA99 combined with peg-G-CSF (Figure 3Bii). Combination 
treatment reduced the number of metastases in WT mice by 
95%, and in Mac-l _/ ~ mice by only 44%, compared with saline 
controls. Similarly, pulmonary tumor load was significantly 
higher in treated Mac-1 _/ ~ mice than in WT mice. Treatment 
with TA99 combined with peg-G-CSF resulted in mean tumor 
loads of 0.79 (± 0.25, n = 14) in WT mice and 21.3 (± 7.5, 
n = 12) in Mac-1 _/ ~ mice (data not shown). In addition, control 
experiments revealed peg-G-CSF to increase circulating neutro- 
phil numbers in WT and Mac-1 ~ /_ mice with similar kinetics 
(data not shown). 

To study whether Ab-mediated protection was also dimin- 
ished in secondary melanoma target organs of Mac-1 _/ ~ mice, 
we evaluated melanoma infiltration into lymph nodes, liver, 
kidneys, and CNS (Table 1). Similar to the situation in lungs, Ab 
treatment (with or without peg-G-CSF) was more effective in 
WT than in Mac-1 -/ ~ mice in protecting secondary target organs 
from melanoma infiltration. Taken together, these results reveal 
an important role for Mac-1 in Ab-induced antimelanoma 
immunity in vivo. 
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Figure 3. Mac-1 requirement in Ab-mediated antimelanoma immunity. The effect 
of mAbTA99 and peg-G-CSF on melanoma growth was studied in WT and Mac-1 ~'~ 
mice. Upon tumor inoculation, mice were treated with saline or TA99 combined with 
or without peg-G-CSF. (A) Lungs were excised at day 21 to analyze surface 
metastases. (B) Numbers of metastases in saline- treated (□) or TA99-treated 
mice (■) combined without (i) or with (ii) peg-G-CSF were quantified. Results 
represent means i SEMs from 2 individual experiments (WT: n 14; Mac-1-' - : 
n = 12). P values of significant differences were determined using unpaired Welch 
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Table 1. TA99 -media ted protection from melanoma metastases in secondary target organs is dependent on Mac-1 





Lymph nodes 

Thoracic 


Abdominal 


Liver/spleen 


Kidney 


CNS 


WT saline 


1.43 i 0.46 


1.57 ± 0.32 


0.71 ± 0.31 


0.86 ± 0.15 


1.86 ± 0.15 


WTTA99 


0 


0.43 ± 0.32 


0 


0 


0.43 ± 0.32 


Mac-1 saline 


1.33 ± 0.37 


1.33 ± 0.37 


0.67 ± 0.37 


0.50 ± 0.24 


0.33 ± 0.23 


Mac-1"'" TA99 


0.67 ± 0.37 


1 .33 ± 0.46 


0.17 ± 0.18 


0 


0.50 ± 0.37 



WT and Mac-1 - '- mice were challenged with 1 x 10 5 B16F10 melanoma cells and treated with saline or TA99 combined with peg-G-CSF. Secondary target organs 
(thoracic and abdominal lymph nodes, liver, spleen, kidney, and CNS) were analyzed for presence of metastases on day 21. Results represent mean numbers (± SEMs) of 
metastases per target organ (WT: n = 7; Mac-1 -/_ : n = 6). 



Phagocytic cell migration Into melanoma 

Because our data pointed to a role for phagocytes in immunity to 
B16F10 melanoma, we examined the capacity of WT and Mac- 
neutrophils and monocytes/macrophages to infiltrate tumor 
sites. Lungs of WT and Mac-l _/ ~ mice, treated with TA99 and 
peg-G-CSF, were analyzed 7, 11, and 15 days after tumor 
challenge. B16F10 cells were distributed as clustered neoplastic 
cells on days 11 and 15. Histology of lungs of treated WT mice 
revealed close-to-normal alveolar morphology with sporadic malig- 
nant cells and few neutrophils present (Figure 4, lower left). Lungs 
of WT mice not receiving TA99 and lungs of Mac-1 _/ " mice 
(treated with saline or TA99), on the other hand, contained large 
metastatic lesions with occasional neutrophil infiltrates (Figure 4, 
arrows). We quantified the number of GR-l-positive cells in lung 
metastases of WT and Mac-1 _/ ~ mice not receiving TA99 11 and 
15 days after tumor inoculation. Comparable neutrophil infiltration 
(mean number of cells ± SEM, n = 3) was observed in established 
tumors of WT and Mac-1 ~ /_ mice (26 ± 4.9 vs 40.7 ± 18.7 at day 
11, and 118 ±41.2 vs 115 ±35.9 at day 15, respectively). 
Analyzing effector-target cell interactions in more detail revealed 
both WT and Mac-l" /_ neutrophils to be situated in close contact 
with melanoma cells (Figure 4, inserts). On the contrary, macro- 
phages and monocytes (visualized by F4/80 staining) hardly 
infiltrated into metastases of WT or Mac-1 _/ ~ mice (data not 
shown). These data show Mac-1 not to be essential for phagocytic 
cell recruitment into metastatic sites and, furthermore, reveal 
Mac-1 ~ /_ neutrophils capable of binding tumor cells. 
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Figure 4. Phagocyte infiltration into pulmonary metastases of WTand Mac-1' 
mice. WT and Mac-1 _ ' _ mice were challenged intravenously with 1 x 10 5 B16F10 
cells, and treated with peg-G-CSF and saline (control), or TA99 and peg-G-CSF as 
detailed in "Materials and methods." Lungs were removed 15 days after tumor 
inoculation for immunohistochemistry. GR-1 staining (mouse neutrophil marker, 
shown in brown) of pulmonary tissue of WT (left panels) and Mac-1 (right panels) 
mice treated with (bottom panels) or without (top panels) TA99. Red arrows point at 
GR-1 -positive cells. Original magnifications: x 400 (main panels) and x 1000 (insets). 



Discussion 

Melanoma differentiation antigens serve as a hallmark of tumor 
targets for immune cells. Antibodies directed against the gp75 
antigen mediate effective protection in murine melanoma models. 
The mechanisms by which antibodies initiate antitumor activity 
remain incompletely understood. In the present study we document 
a requirement for Mac-1, an important 0 2 integrin, in FcR- 
mediated cytotoxicity toward melanoma. 

Our data and the data of others 612 show that the gp75 
glycoprotein is predominantly expressed intracellularly in cultured 
B16F10 melanoma cells, making them resistant to ADCC. How- 
ever, gp75 membrane expression increases upon in vivo growth, 
and gp75-specific antibodies induce FcR-dependent melanoma 
rejection. 6 - 7 In the present study, Mac-1 -deficient mice proved 
significantly less protected against B16F10 melanoma infiltration 
than WT mice by an antibody targeting gp75, evidenced by higher 
tumor loads in lungs and secondary target organs. Since Mac-1 also 
serves as an adhesion molecule, we hypothesized that effector cell 
infiltration of tumor sites possibly depends on Mac-1. However, 
our data showed that WT and Mac-1 _/_ neutrophils exhibit a 
comparable capability to enter metastases, which was determined 
by quantifying GR-1 -expressing cells. This corresponds with the 
unaffected capacity of Mac-1 _/ " neutrophils to migrate in vivo. 31 
Importantly, Mac-1 _/ " phagocytes were found to bind well to 
tumor cells (Figure 4). This is consistent with our earlier data, 
which showed that the abrogated ADCC capacity of Mac-l _/_ 
neutrophils was not attributable to a defect at the level of 
FcR-antibody binding. Moreover, Mac-1 ~ /_ neutrophils were fully 
capable of degranulation and oxygen radical production. However, 
Mac-1 was found to be crucial in neutrophil spreading on tumor 
cells and the formation of immunologic synapses in vitro. 27 Open 
intercellular clefts between effector cells and tumor cells can result 
in the leakage of toxic metabolites, and may represent the 
mechanism by which tumoricidal activity of Mac-1 _/ ~ neutrophils 
is abrogated. We postulate Mac-1 to act as a costimulatory 
molecule for FcR-mediated cytotoxicity toward malignancies. 
Although we cannot conclude from the present data whether the 
Mac-1 requirement is general or restricted to FcR-mediated 
cytotoxicity of melanoma, a universal role for Mac-1 may be 
expected given that Mac-1 is crucial in ADCC toward various 
targets, including a number of tumor cell lines and parasites. 23 - 26 - 27 
The molecular basis of Mac-l/FcR cooperation has not been 
clarified, albeit that physical interactions between both molecules 
have been detected. 17 32 33 Mac-1 may transmit signals elicited by 
Fc and other leukocyte receptors via its linkage to the actin 
cytoskeleton and associated signal transduction proteins. 34 The 
interaction of the cytoplasmic tail of the Mac-1 p-chain with talin 
and alpha-actinin has a dynamic nature and is dependent on the 
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activation status of neutrophils. 15 35 Signaling pathways linking (3 2 
integrins to the various neutrophil functions are incompletely 
understood, but key roles for Syk-2, FAK, and Src-family kinases 
(Fgr/Hck) and their downstream substrates (Cbl, vav, PLOy) have 
been reported. 36 37 

Mac- 1 -mediated tumor cytotoxicity was recently shown in 
therapy models with p-glucan, which was dependent on C3bi 
deposition on tumor cells. 38 However, complement components are 
unlikely to be involved in our model, because neutrophil ADCC 
toward tumor targets has been shown independent of active 
complement. 27 Moreover, complement depletion with cobra venom 
factor does not reduce antibody-induced protection in the B16F10 
melanoma model. 1 1 Melanoma cells are known to express intracel- 
lular adhesion molecule 1 (ICAM-1), 39 enabling direct Mac-1 
interactions; in addition, Mac-1 is capable of clustering in the 
absence of ligand. 40 In any case, Ab-mediated melanoma rejection 
is crucially dependent on FcR and requires Mac-1 for efficient 
cytotoxicity. 

A number of earlier studies focused on identification of the 
effector cells responsible for Ab-mediated melanoma eradication. 
An important role for phagocytes seems plausible on the following 
grounds: (1) enhanced Ab-induced melanoma rejection by macro- 
phage colony-stimulating factor, 10 - 41 (2) intact Ab-mediated protec- 
tion upon T-cell depletion, 10 ' 1 ' and (3) Ab-mediated immunity in 
both SCID (lacking lymphocytes) and beige (lacking NK cells) 
mice. 12 Establishing a requirement for Mac-1 in Ab immunity to 
melanoma is in line with this earlier work and may allude to 
neutrophil involvement. To further support this, peg-G-CSF was 
found to augment antimelanoma Ab responses in vivo. Peg-G-CSF 
proved not tumoricidal by itself, underlining FcR-antibody interac- 
tions as a prerequisite. Since peg-G-CSF has a documented 
capacity to increase circulating neutrophil numbers and to enhance 
their tissue recruitment, 29 the present findings support the involve- 
ment of neutrophils in Ab-mediated protection against melanoma. 
Consistent with our data, G-CSF transduction of adenocarcinoma 
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Abstract 

We examined the role of FcyR in antibody therapy of 
metastatic melanoma in wild-type and different FcyR knock- 
out mice. Treatment of B 16 F 10- challenged wild-type mice with 
TA99 antibody specific for the gp75 tumor antigen resulted in 
a marked decrease in numbers of lung metastases. Treatment 
of individual FcyR knock-out mice revealed the high-affinity 
IgG receptor, FcyRI (CD64), to represent the central FcyR 
for TA99-induced antitumor effects. The potential of immune- 
modulating agents to further enhance the protective effect 
induced by monoclonal antibody (mAb) TA99 was examined in 
combination treatments consisting of mAb TA99 and a TLR-4 
agonist, monophosphoryi lipid A (MPL). MPL did potently 
boost TA99 antibody-induced effects, and combination ther- 
apy was, again, found to be dependent on the presence of 
FC7RI. (Cancer Res 2006; 66(3): 1261-4) 

Introduction 

Antibodies represent promising therapeutic candidates due to 
their high specificity and low toxicity profiles. The exact variables 
and mechanisms contributing to the therapeutic potential of 
anticancer antibodies remain unclear. Antibodies can initiate 
various effects, including antibody-dependent cell-mediated cyto- 
toxicity (ADCC), complement dependent cytotoxicity, and induc- 
tion of apoptosis (1). A better understanding of the working 
mechanisms of therapeutic antibodies is essential to further 
enhance the efficacy of antibody therapy. In this study, we address 
the role of IgG receptors (FcyR) in antibody-induced antitumor 
activity. Four classes of murine leukocyte FcyR are currently 
distinguished [FcyRI (CD64), FC7RII (CD32), FC7RIII (CD 16), and 
the recently described FC7RIV], which differ in cell distribution and 
function. FcyRI, FC7RIII, and FC7R1V are activatory receptors, 
whereas FC7RII can mediate inhibitory effects (2, 3). The B16F10 
lung metastasis model represents a validated model to study 
antibody therapy using TA99, a mouse IgG2a antibody recognizing 
the gp75 tumor antigen (4). Treatment of wild-type mice with TA99 
after tumor challenge has been shown to markedly reduce numbers 
of lung metastases (5). A role for FC7R in TA99 antibody-mediated 
effects has been documented with the use of FcR 7-chain knock-out 
mice, which lack all activatory leukocyte FC7R (6, 7). The relative 
contribution of individual FC7R classes, however, has not been 
previously assessed. Antibody therapy is often combined with other 
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treatment regimens, such as anti-angiogenic or cytostatic drugs, to 
further enhance therapeutic efficacy. Agonists of Toll-like receptors 
(TLR) can effectively boost antibody-induced effects (8). Mono- 
phosphoryi lipid A (MPL), a TLR-4 agonist, is a chemically modified 
lipopolysaccharide (LPS) derived from Salmonella minnesota (9). As 
adjuvant effects of MPL in vivo have been documented (10, 11), we 
tested the influence of MPL on the outcome of treatment when 
administered in combination with TA99 antibody. In this report, we 
observed FcyRI to be essential for TA99 antibody-induced 
antitumor effects in C57B1/6 mice. MPL further enhanced TA99- 
mediated antitumor effects. 

Materials and Methods 

Mice. C57B1/6 wild-type mice were obtained from Janvier (Le Genest 
Saint Isle, France). FcyRI (CD64) knock-out mice (12), Fc^RIII (CD 16) 
knock-out mice (13), and FcR Y-chain knock-out mice (7), all in the C57B1/6 
background, were bred and maintained in the Central Animal Laboratory, 
Utrecht University. Experiments were done with 7- to 12- week-old mice and 
were all approved by the Utrecht University animal ethics committee. 

Cell lines and TA99 antibody. The B16F10 mouse melanoma cell line 
was obtained from the National Cancer Institute (Frederick, MD). Cells were 
cultured in RPMI 1640 (Life Technologies, Paisley, United Kingdom) 
supplemented with 10% fetal bovine serum (Integro, Dieren, the Netherlands), 
50 units/mL penicillin (Life Technologies), and 50 ug/mL streptomycin 
(Life Technologies). Hybridoma HB-8704 (American Type Culture Collection, 
Manassas, VA), which produces TA99 antibody, was cultured under serum- 
free conditions with HyQ ADCF-monoclonal antibody (mAb) medium 
(Hyclone, Logan, UT). Monoclonal antibody TA99 (mouse IgG2a), directed 
against the gp75 antigen present on B16F10 melanoma cells, was purified 
from hybridoma supernatants by protein A-Sepharose chromatography. 

MPL. MPL, a derivative of lipid A from Salmonella minnesota, was 
obtained from Corixa (Seattle, WA). 

Melanoma model. Wild-type mice, FcR 7-chain knock-out, FcyRI knock- 
out, or Fc^RIII knock-out mice, were injected i.v. with 1.5 x 10 5 B16F10 
tumor cells (in 100 \iL saline) on day 0. For treatments with an antibody 
dosage of 200 ug (6), mice were injected i.p. with TA99 antibody (or PBS 
as control) on days 0, 2, 4, 7, 9, and 11. For combination treatments with 
suboptimal antibody and MPL concentrations, mice were injected with 
MPL (0.5 ug in 100 uL PBS) or 100 uL PBS s.c. on days -1, 4, and 8. A 
suboptimal dose of TA99 antibody (10 ug in 100 uL PBS) or 100 PBS 
(as control) were injected i.p. at days 0, 2, 4, 7, 9, and 11. At day 21, mice 
were sacrificed, and lungs were scored for numbers of metastases and 
tumor load. Tumor load was defined as the sum of the following scores: 
metastases <1 mm were scored as 1; metastases between 1 and 2 mm were 
scored as 3; and metastases >2 mm were scored as 10, as detailed in ref. (14). 

Statistical analyses. ANOVA analyses were done using SPSS software 
(Chicago, IL). All experiments were done a minimum of two times. Ps < 0.05 
were considered significant. 

Results and Discussion 

To dissect the role of individual FcyR in antibody therapy of 
melanoma, we injected wild-type and FcyR knock-out mice i.v. 
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Figure 1. FeyRI is essential for antitumor effects induced by TA99 antibody. 
Wild-type, FcR 7-chain -/ ~, Fc^RI - '", or FeyR!!! - ' - mice were challenged i.v. 
with 1.5 x 10 5 B16F10 tumor cells and injected i.p. with 200 ng mAb TA99 or 
PBS (control) on days 0, 2, 4, 7, 9, and 1 1 . After 21 days, mice were sacrificed, 
lungs were excised, and tumor loads were scored as detailed in Materials and 
Methods. A, lungs of Fc^RI -/ " and FcyRlir' - mice treated with PBS or mAb 
TA99; black nodules represent metastases. B, tumor load scores in wild-type, 
FcR -v-chain"'", Fc^RI~ /_ , and Fc-yRlir'" mice. Tumor loads in PBS-treated 
mice were set at 100%. Columns, average; bars, SE. Representative for two 
experiments, each with six mice per group. 



with B16F10 tumor cells and studied the effect of antibody 
treatment. The TA99 antibody, specific for the gp75 tumor 
antigen, induced a profound protective effect in wild-type mice, 
which was abrogated in FcR -v-chain -7- mice (Fig. 1). These 
results confirmed an earlier report, exemplifying the importance 
of activating Fc^R in antibody-mediated antitumor effects (6). 
We then did experiments in FC7RI and FcryRIII knockout mice. 
Fc-yRI represents the sole FC7R class capable of binding 
monomeric IgG with high affinity (2) and can potently initiate 
various immune cell functions, including antibody dependent 
cell-mediated cytotoxicity; antigen uptake; and induction of 
antigen presentation (12). Fc7RI _/ ~ mice exhibit various defects, 
such as an impaired phagocytosis of IgG2a-immune complexes, 
impaired ADCC, and antigen presentation (12). Fc^RIII plays a 
role in anaphylactic and inflammatory responses (13). Antibody 
TA99 induced a profound antitumor effect in FC7RIII knockout 
mice (Fig. 1). Expression of FC7RI proved essential for mAb 



TA99-mediated effects, as antibody treatment in FC7RI mice 
induced no therapeutic effect (Fig. 1). These data indicated 
FC7RI to be instrumental for the TA99-induced effects. 

Choice of antibody isotype can influence binding to FC7 
receptors. Mouse IgG2a antibodies can bind FC7RI and FC7RIII, 
albeit with far higher affinity to FC7RI (12). However, in the case 
of the absence of FC7RI, the TA99 antibody should still be able 
to bind to FC7RIII, thus not explaining the dramatic effect on 
antitumor response in Fc*yRI~ /_ mice. If an antibody of another 
subclass would be employed (e.g., IgGl), different results might 
be expected, although this antibody would still be able to bind 
to FC7RI. Very recently, a new class of murine FC7R, FC7RIV, has 
been characterized as an IgG2a and IgG2b receptor (3). Because 
the effect of TA99 antibody was observed to be absent in 
FcyRI - ' - mice, FC7RIV may play only a minor role, if any, in 
TA99 antibody-induced effects. 

We next evaluated the influence of MPL on TA99-induced 
antitumor effects. MPL is a TLR-4 agonist, which has similar 
adjuvant properties as LPS, without inducing toxicity (9). With 
suboptimal amounts of TA99 or MPL used as monotherapies, 
mice developed metastases (Fig. 2). Combination of TA99 
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Figure 2. Effect of MPL on therapeutic efficacy of TA99 antibody. Wild-type 
mice were challenged i.v. with tumor cells and treated with PBS, a suboptimal 
dose of mAb TA99 (10 n9), a suboptimal dose of MPL (0.5 ng), or with TA99 plus 
MPL After 21 days, mice were sacrificed, lungs were excised, and tumor loads 
scored as detailed in Materials and Methods. A, lungs of wild-type mice; black 
nodules represent metastases. B, tumor loads scored in wild-type mice. 
Representative for two experiments, each with six mice per group. 
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Figure 3. FcvRI is essential for combination therapy. FcR 7-chain~ /_ (A) or 
FcyRI - ' - mice (8) were challenged i.v. with tumor cells and treated with PBS, 
a suboptimal dose of mAb TA99 (10 ug), a subopttmal dose of MPL (0.5 ug). 
or with TA99 combined with MPL. After 21 days, mice were sacrificed, lungs 
were excised, and tumor loads scored. Representative for two experiments, 
each with six mice per group. 



by treatment with antibody, MPL, or antibody plus MPL. Fc^RI 
was, again, found essential for induction of a therapeutic effect 
with the combination therapy (Fig. 3B). 

MPL is known to activate macrophages and dendritic cells, and 
adjuvant studies in vivo documented MPL to induce antigen- 
specific CTL and to skew T-helper balance toward a Thl phenotype 
(11, 15). MPL improve the capacity of B cells and macrophages to 
prime Tand B cells and induce the maturation of splenic dendritic 
cells in situ. Furthermore, MPL triggers cytokine production, which 
can have an effect on the development of both humoral and 
cellular immune responses (16), indicating MPL to be a suitable 
candidate adjuvant for antibody therapy. 

The effector cells, which can be involved in antibody-mediated 
antitumor effects, are natural killer (NK) cells, polymorphonuclear 
(PMN), monocytes, and macrophages. Earlier studies examining 
effector cells in the B16 model during antibody treatment 
excluded a role for NK cells, B and T cells (17). In these studies, 
microscopic analyses of lung tissues documented abundant 
infiltration of macrophages (5), supporting a role for macrophages 
during antibody therapy. Murine FC7RI is expressed on mono- 
cytes, macrophages, and dendritic cells but not on PMN (12). As 
we observed FcvRI to be central for antibody-mediated antitumor 
effects, we hypothesize FC7RI -expressing monocytes /macrophages 
to be of importance for the TA99-induced antitumor effects and 
not NK cells or PMN. We are currently performing studies (e.g., 
monocytes/macrophage depletion with use of clodronate lip- 
osomes) to further address the role of the effector cells involved 
in this model. 

The importance of human FC7 receptors for tumor therapy has 
been documented, where FC7R polymorphisms were shown to affect 
the outcome of antibody treatments in cancer patients (18-20). A 
better understanding of the role of individual FC7R in antibody 
therapies is important to further optimize antibody therapeutic 
approaches in man. 



antibody and MPL, however, consistently led to lower numbers 
of metastases (Fig. 2). The FC7R dependency of TA99 effects in 
the presence of MPL was analyzed in FcR 7-chain -/ ~ mice. 
These animals were challenged with tumor cells and injected 
with antibody or MPL alone or in combination. The protective 
effect of the combination was abrogated in FcR 7-chain~'~~ mice 
(Fig. 3/1). We evaluated the contribution of FC7RI by 
challenging Fc7RI _/ ~ mice with B16F10 tumor cells followed 
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Abstract An important mode of action shared by 
human IgGl antibody therapies is antibody-dependent 
cellular cytotoxicity (ADCC). ADCC relies on the 
interaction of the antibody's Fc portion with Fc-gama 
receptors (FcyR) on immune effector cells. The anti- 
tumor activity of human IgGl antibodies is frequently 
assessed in mouse models. Binding of human IgGl to 
murine FcyRs is however of reduced affinity. We here 
show that ADCC of adecatumumab (MT201), a fully 
human IgGl antibody specific for epithelial cell adhe- 
sion molecule (EpCAM/CD326), is drastically lower 
if human peripheral blood mononuclear cells are 
replaced by murine splenocytes as effector cells. When 
the variable domains of adecatumumab were geneti- 
cally fused to a murine IgG2a backbone (yielding mu- 
adecatumumab), ADCC with murine effector cells was 
much improved, but at the same time significantly 
reduced with human effector cells. The serum half-lives 
of adecatumumab and mu-adecatumumab were deter- 
mined in mice and dosing schedules established that 
gave similar serum trough levels during a 4-week 
antibody treatment. The anti-tumor activities of 
adecatumumab and mu-adecatumumab were then 
compared side-by-side in a lung metastasis mouse 
model established with a syngeneic B16 melanoma line 
expressing human EpCAM at physiologically relevant 
levels. Treatment of mice with mu-adecatumumab led 
to an almost complete prevention of lung metastases, 
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while the human version of the antibody was much less 
active. This shows that adecatumumab has high anti- 
tumor activity when tested in a form that is better com- 
patible with the species' immune system. Moreover, 
our data suggest to routinely compare in mouse models 
human IgGl and murine IgG2a versions of antibodies 
to properly assess the contribution of ADCC to overall 
anti-tumor activity. 

Keywords Adecatumumab • Monoclonal antibody • 
Fc domain • EpCAM • ADCC • Syngeneic mouse 
model 



Introduction 

During the past decade, chimeric, humanized and 
human monoclonal antibodies of the IgGl isotype 
have been successfully added to the arsenal of anti-can- 
cer therapies. There are currently four registered IgGl 
therapies that recognize surface targets on tumor cells 
and may share antibody-dependent cellular cytotoxic- 
ity (ADCC) as a common mode of action. These 
areanti-CD20 rituximab (Rituxan®/MabThera®) for 
treatment of non-Hodgkin lymphoma, anti-HER-2 
trastuzumab (Herceptin®) for treatment of metastatic 
breast cancer, anti-EGFR cetuximab (Erbitux®) for 
treatment of metastatic colorectal cancer, and anti- 
CD52 alemtuzumab (Campath®) for treatment of 
refractory chronic lymphatic leukemia. Other regis- 
tered antibodies in cancer therapy work by different 
mechanisms, e.g., neutralization of pro-angiogenic 
VEGF (Avastin®), delivery of toxin (Mylotarg®) or of 
radioisotopes (Bexxar®, Zevalin®). While ADCC was 
demonstrated for trastuzumab [16, 13], rituximab [9] 
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and alemtuzumab [6] and is there considered to be a 
prime mode of action [10], very little is known about 
ADCC by cetuximab. Several other IgGl antibodies, 
which have been shown to predominantly work by 
ADCC, are in different stages of clinical development. 
Examples are the anti-CEA IgGl labetuzumab [1], 
anti-carboanhydrase IX IgGl Rencarex® [17] and anti- 
EpCAM IgGl adecatumumab [11, 13]. 

Antibody-dependent cellular cytotoxicity is medi- 
ated by a bifunctional binding activity of IgGl. Via its 
Fc domain, the antibody transiently tethers Fc-gamma 
receptor (FcyR)-positive cytotoxic immune cells to 
antibody-decorated tumor cells. This leads to (i) for- 
mation of a cytolytic synapse between cells, (ii) a tar- 
geted delivery of cytotoxic proteins, such as perforin 
and granzymes, by the immune cell and (iii) ultimately 
induction of apoptosis in tumor cells. Important 
immune cells participating in ADCC are natural killer 
(NK) cells bearing the low-affinity Fey receptor FcyRI- 
Ila (CD16) in humans, and its corresponding receptor 
FcyRIII in the mouse. The affinities of these receptors 
are < 1 x 10 7 /M for murine FcyRIII to mouse IgG2a 
and about 2 x 10 7 /M for human FcyRIIIA to human 
IgGl [18]. The importance of NK cells for ADCC is 
genetically supported by a correlation of reduced 
efficacy of rituximab with a polymorphism in CD16 
that reduces the receptor's affinity for antibody ligand 
[2, 4]. A similar correlation was identified for a poly- 
morphism of CD32 [19], suggesting that CD32-positive 
immune cells also contribute to ADCC although NK 
cells are major contributors to ADCC when blood cell 
subpopulations are analyzed [14]. The observation that 
all IgGl therapies require high serum trough levels for 
several months to achieve anti-tumor responses sup- 
ports that a sustained activation of immune cells is 
required involving a low-affinity recognition element. 
In vivo, recruitment of CD16-positive cells by anti- 
body-coated tumor cells is further impeded by high 
serum concentrations of other IgGl antibodies that 
compete for binding [11, 14]. 

In non-clinical development, the efficacy of novel 
human IgGl therapies is frequently assessed in xeno- 
transplant models employing immunodeficient nude 
mice. Due to the absence of T cells in these mice, many 
human tumor cell lines are accepted and grow out into 
measurable tumors. Because nude mice still have NK 
cells, they are considered to also mediate ADCC by 
human antibodies. Immunocompetent mouse models 
employ syngeneic tumor cell lines transfected with the 
human target antigen. In these models, tumor cells are 
intravenously injected, get then trapped in lung capil- 
laries and subsequently grow to macroscopically visible 
lung tumor colonies. A drawback of conventional 



mouse models could be that the Fcyl domain of human 
IgGl antibodies binds with much reduced affinity to 
mouse FcyRs than, for instance, its murine equivalent 
Fcy2a. In this case, which requires further analysis, 
ADCC reactions of human antibodies with murine 
immune cells are expected to be suboptimal. 

Adecatumumab is a fully human IgGl antibody 
against EpCAM, which has been shown to act by 
ADCC and CDC [11]. If the efficacy of a human IgGl 
antibody solely relies on ADCC, its anti-tumor activity 
would be underestimated in conventional mouse mod- 
els. To test this hypothesis we generated a murine ver- 
sion of adecatumumab by grafting the variable heavy 
(vH) domain of adecatumumab on a mouse IgG2a 
domain and fusing the variable light (vL) domain with 
a mouse ck region. Both antibodies were compared 
side-by-side with respect to ADCC using human and 
mouse effector cells. Further, we explored the anti- 
tumor activity of both antibodies in a lung metastasis 
model using immunocompetent C57BL/6 mice. 



Materials and methods 

Cell lines 

Chinese hamster ovary (CHO) dhfr negative cells 
were obtained from the German Collection of Micro- 
organisms and Cell Cultures (DSMZ, Braunschweig, 
Germany) and the KATO III human gastric carcinoma 
cell line from the European Collection of Cell Cultures 
(ECACC, Salisbury, UK). CHO dhfr negative cells 
were grown at 37°C in roller bottles with HyClone 
culture media (HyClone, Logan, UT, USA) for 7 days 
before harvest. KATO III cells were cultured in RPMI 
1640 media (Invitrogen, Karlsruhe, Germany), supple- 
mented with 10% fetal bovine serum (Invitrogen, 
Karlsruhe, Germany), at 37°C, in a 5% C0 2 incubator. 

The cell line B16F10/EpCAM (clone 3E3), which is 
stably expressing human EpCAM, was generated at 
Micromet AG, Munich, Germany. In brief, the paren- 
tal cell line B16F10 was transfected with the expression 
vector pEF-ADA-EpCAM and selected with increas- 
ing amounts of adenosine/alanosine/uridine and desox- 
icoformycine. A highly EpCAM-positive clone (3E3) 
was picked by limiting dilution analysis. 

Construction of mu-adecatumumab 

Generation and production of human adecatumumab 
has been described elsewhere [15]. For the generation 
of the murine version of adecatumumab, the constant 
regions were cloned by reverse transcription-PCR 
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from RNA isolated from OKT3 hybridoma cells 
expressing a mouse IgG2a antibody directed against 
human CD3s. For the amplification of the cHl-cH3 
domains a primer (S IgG2aCHl + HD69 OH) hybrid- 
izing to the 5' end of mouse IgG2a was designed. This 
primer harbored a stretch of 20 nucleotides comple- 
mentary to the 3' end of the HD69 vH. The second 
primer (AS IgG2a Xbal) bound to the 3' end of mouse 
IgG2a sequence including a stop codon and a Xbal 
restriction endonuclease (RE) site. For the amplifica- 
tion of the mouse ck sequence a primer (S IgGK + 
HD69vk) was used, which bound to the 5' end of the 
mouse ck sequence and harbored a 20-nucleotide over- 
hang hybridizing to the adecatumumab vL 3' region. 
The anti-sense primer (AS mlgG ck Xhol) hybridized 
to the 3' end of mouse ck encoding a stop codon and a 
Xhol RE site. The vH of adecatumumab was amplified 
from the expression vector pEF-DHFR HC HD69 
using the primer S IgG leader hybridizing to the 5' IgG 
signal peptide and harboring an EcoRl RE site and the 
primer AS HD69vH + IgG2aOH binding to the 3' end 
of vH HD69 and a having a 20-nucleotide sequence 
overhang complementary to the 5' mouse IgG2a cHl 
sequence. The adecatumumab vL was accordingly 
amplified with the primers S IgG leader and AS HD69 
vL + ck hybridizing to the 3' end of HD69 vL and 
containing on overhang binding to the 5' end of mouse 
ck. Finally, heavy and light chain sequences were gen- 
erated by assembling the corresponding PCR frag- 
ments by means of overlapping PCR. For the heavy 
and light chain, the primer combinations S IgG leader/ 
AS IgG2a Xbal and S IgG leader/AS IgG ck Xhol 
were used, respectively. The complete sequence of the 
mu-adecatumumab HC was then subcloned into the 
vector pPCR-Script-Cam, the mu-adecatumumab LC 
sequence was subcloned into pPCR-Script-Amp. The 
correct sequence was verified by automated DNA 
sequencing. Finally, the HD69 chimeric heavy chain 
was cloned into the expression vector pEF-DHFR, 
which was digested with EcoRl and Xbal. The 
light chain digested with EcoRl and Xhol was 
inserted into pEF-ADA, which was cut with EcoRl/ 
Sail. Mu-adecatumumab was produced in CHO dhfr- 
cells transfected with the expression vectors pEF- 
DHFR-HD69 HC and pEF-ADA-HD69 LC and 
mu-adecatumumab purified from cell culture superna- 
tants in a one step process using a Protein G column 
and Akta FPLC System (Amersham Biosciences, 
Little Chalfont, UK). 

The human IgGl kappa control antibody (1-5154) 
was obtained from Sigma-Aldrich (Taufkirchen, 
Germany) and served as isotype control for ade- 
catumumab. The murine IgG2a antibody Orthoclone 



OKT3 (Janssen-Cilag, Neuss, Germany) served as an 
isotype control for mu-adecatumumab. 

Binding comparison of adecatumumab 
and mu-adecatumumab 

Kinetic binding experiments with adecatumumab and 
mu-adecatumumab were performed using surface plas- 
mon resonance on the BIAcore™ 2000 (BIAcore AB, 
Uppsala, Sweden) with a flow rate of 5 ul/min and 
HBS-EP (0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3 mM 
EDTA, 0.005% surfactant P20) as running buffer, at 
25°C. The extracellular domain of the EpCAM antigen 
(residues 17-265) was immobilized on a CM5 sensor 
chip with different densities for each flow cell. 

Binding kinetics of the antibodies were measured by 
injecting 10 ul of protein solution at concentrations 
ranging from 2 to 0.07 uM and monitoring the dissocia- 
tion for 100 s. The data were fitted using BIAevalua- 
tion™ software determining the rate constant for 
dissociation and association kinetics. From the rate 
constants the equilibrium binding constant K D was cal- 
culated. 

For the competition binding experiments, the bind- 
ing of a single concentration of one antibody (ligand) 
was measured in the presence of various concentra- 
tions of the competitor antibody. In order to reach 
equilibrium binding, B16/EpCAM 3E3 cells (100,000/ 
well) were incubated for 18 h at room temperature in 
150 ul of FACS buffer (PBS, 1% FCS, 0.05% NaN 3 ) 
containing the respective ligand and competitor anti- 
body. For detection of the binding of the ligand anti- 
body, a FITC-labeled detection antibody specific for 
human or mouse antibodies was used (anti-human 
IgG-FITC, ICN 67217; anti-mouse IgG-FITC, Sigma F- 
6257). Assay data were analyzed with Prism software 
(GraphPad Software Inc., San Diego, CA, USA). 
After non-linear regression of the competitive binding 
curves the K { value for the competitor could be calcu- 
lated knowing the K D value from a parallel saturation 
binding experiment. 

Bioactivity comparison of adecatumumab 
and mu-adecatumumab 

For ADCC assays, murine NK cells were prepared by 
negative selection of C57BL/6 splenocytes using the 
murine NK cell isolation kit from BD Biosciences (San 
Jose, CA, USA) as described by the manufacturer. Iso- 
lated NK cells were cultured for 7-14 days in RPMI 
1640/10% FCS supplemented with 1,700 U/ml Proleu- 
kin (Chiron GmbH, Munich, Germany) at a density of 
about 1 x 10 6 cells/ml. Every 2-3 days, cells were 
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counted and fresh medium added. After 7-14 days in 
culture, NK cell purity was between 90 and 100%. 
Stimulated murine NK cells were re-suspended in 
RPMI 1640/10% FCS at a concentration of 
1.6 x 10 7 cells/ml and used as effector cells in ADCC 
assays. For the preparation of human effector cells, 
peripheral blood mononuclear cells (PBMC) were 
enriched by Ficoll-Hypaque gradient centrifugation 
[11], washed and re-suspended at 1.2 x 10 7 cells/ml. 

EpCAM-positive Kato III cells were used as target 
cells and labeled with the fluorescent membrane dye 
PKH-26 (Sigma, Taufkirchen, Germany) according to 
the manufacturer's protocol in order to distinguish tar- 
get from effector cells in subsequent FACS analysis. 
PKH-26 labeled target cells were adjusted to a density 
of 4 x 10 5 and 6 x 10 5 cells/ml for assays with murine 
and human effector cells, respectively. Equal volumes 
of target and effector cell suspensions were mixed 
resulting in an effector-to-target (E:T) ratio of approxi- 
mately 50:1 and 20:1 for murine and human effector 
cells, respectively, and 50 ul added/well of a 96-well U- 
bottom microtiter plate (Greiner, Solingen, Germany). 
Fourfold serial dilutions of adecatumumab and tenfold 
serial dilutions of mu-adecatumumab were prepared 
and 50 ul added/well resulting in a concentration range 
of 50,000-0.05 ng/ml for adecatumumab and 50,000- 
0.2 ng/ml for mu-adecatumumab. ADCC reactions 
were incubated for 10 and 4 h at 37°C for assays with 
murine and human effector cells, respectively. Propi- 
dium iodide (PI) was added to a final concentration of 
1 ug/ml and 5 x 10 4 cells analyzed by flow cytometry 
using a FACSCalibur instrument (Becton Dickinson, 
Heidelberg, Germany). Dose-response curves were 
computed by non-linear regression analysis using a 
four-parameter fit model provided with the GraphPad 
Prism software (GraphPad Software). All experiments 
were performed in triplicates. 

Quantification of cytotoxicity was based on the num- 
ber of dead target cells in relation to the total number 
of target cells in each test sample. The specific cytotox- 
icity was calculated by the formula: (dead target cells 
(sample )/total target cells (sample)) x 100. 

Animal studies 

In vivo experiments were performed in female 6- 
10 week old immunocompetent C57BL/6 mice bred at 
the Institute of Immunology (Munich University, Ger- 
many). The mice were maintained under sterile and 
standardized environmental conditions (20 ± 1°C room 
temperature, 50 ± 10% relative humidity, and 12-h 
light/dark rhythm) and received autoclaved food and 
bedding (ssniff, Soest, Germany) as well as drinking 



water ad libitum. All experiments were performed 
according to the German Animal Protection Law with 
permission from the responsible local authorities. 

Statistical analysis of the mean number of lung 
tumor colonies of the corresponding treatment groups 
versus the vehicle control group was performed using 
the Student's Mest. 

Pharmacokinetic analysis 

To generate a pharmacokinetic profile of ade- 
catumumab and mu-adecatumumab, 20 female C57BL/6 
mice were intravenously injected with 300 ug of the 
respective antibody and animals allocated to four 
different groups of 5 mice each. Different groups were 
alternatingly bled at different time points after injec- 
tion (pre-dose, 0.5, 1, 2, 4 and 10 h, 1, 2, 4, 7, 9, 11, 14, 
17, 21, 24 and 28 days) and serum concentrations quan- 
tified by specific ELISAs. 

ELISA plates (NUNC, Wiesbaden, Germany) were 
coated with 100 ul (5 ug/ml) of rat anti-adecatumumab 
antibody (Micromet AG, Munich, Germany). Plates 
were incubated overnight at 4°C and blocked with PBS/ 
1% bovine serum albumin for 60 min at 25°C. Test sam- 
ples were diluted in PBS/10% mouse plasma pool, 
100 ul added/well and incubated for 60 min at 25°C. For 
adecatumumab quantification, plates were incubated 
with 100 ul (0.15 ng/ml) of chicken anti-adecatumumab 
antibody conjugated with biotin (Micromet AG) at a 
final concentration of 2 ug/ml for 60 min at 25°C fol- 
lowed by incubation for 60 min at 25°C with 100 ul 
streptavidin conjugated with alkaline phosphatase 
(Dako, Hamburg, Germany) at a final concentration of 
0.5 ng/ml. For mu-adecatumumab quantification, plates 
were incubated with 100 ul of goat anti-mouse antibody 
conjugated with alkaline phosphatase (Sigma, Taufkir- 
chen, Germany) for 60 min at 25°C. Finally, plates were 
incubated with 100 ul of substrate (1 mg/ml of p-NPP 
dissolved in 0.2 M TRIS buffer; Sigma, Taufkirchen, 
Germany) for 20 min at 25°C and the absorbance 
(405 nm) read on Power WaveX select (Bio-Tek instru- 
ments, Bad Friedrichshall, Germany). Twofold serial 
dilutions of each test sample were analyzed in dupli- 
cates and OD values that were within the linear range 
of the standard curve were used to calculate the concen- 
tration of adecatumumab and mu-adecatumumab. 

Pharmacokinetic calculations of adecatumumab and 
mu-adecatumumab were performed by the pharmaco- 
kinetic software package WinNonlin Professional 4.1 
(Pharsight Corporation, Mountain View, CA, USA; 
2003). Parameters were determined by non-compart- 
mental analysis (NCA). The NCA was based on model 
201 (intravenous bolus injection). 
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Tumor model 

B16/EpCAM cells (1 x 10 5 ) were intravenously injected 
into C57BL/6 mice and animals treated three times a 
week with the indicated dose levels of adecatumumab, 
mu-adecatumumab or human IgGl control antibody 
starting 1 h after B16/EpCAM inoculation. Mice were 
sacrificed and dissected on day 26 after B16/EpCAM 
cell injection. Lungs were filled with tissue teck (Vogel 
GmbH, Giessen, Germany) and analyzed macroscopi- 
cally for the number of tumor colonies. To monitor 
exposure to the respective antibodies three animals per 
group were alternatingly bleed before and 30 min after 
the 3rd, 6th, 9th, 11th infusion as well as at the end of the 
study. 



Results 

Generation of mu-adecatumumab 

The murine IgG2a version of adecatumumab (mu-ade- 
catumumab) was generated by combining the vL and 
vH regions of adecatumumab (formerly HD69) [15] 
with the mouse constant ck light and constant cHl-cH3 
heavy region sequences, respectively. The mouse con- 
stant domains were amplified from mRNA isolated 
from the human CD3e-specific hybridoma OKT3. By 
this means, mu-adecatumumab retained the variable 
regions of adecatumumab required for human EpCAM 
binding and acquired the Fc portion of murine IgG2a. 
Expression vectors encoding heavy and light chains of 
mu-adecatumumab were stably transfected into CHO 
dhfr negative cells and secreted mu-adecatumumab was 
purified from cell culture supernatants by Protein G 
affinity chromatography. SDS/PAGE and Western 
blot analysis indicated a purity > 95% for mu-ade- 
catumumab. The concentration of the antibody in CHO 
cell culture supernatant was approximately 11 mg/1. 

Adecatumumab and mu-adecatumumab show 
comparable EpCAM binding affinity and specificity 

Plasmon resonance spectroscopy and binding competi- 
tion analysis demonstrated that mu-adecatumumab 
retained binding affinity and specificity comparable 
to that of the parental human IgGl antibody ade- 
catumumab. Binding curves to recombinant EpCAM 
coated on BIACore sensor chips were recorded at 
four concentrations of adecatumumab and mu-ade- 
catumumab in five independent experiments. The equi- 
librium dissociation constant (K D ) for EpCAM binding 
was determined with 66.6 ± 33.6 and 90.9 ± 36.4 nM 
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for adecatumumab and mu-adecatumumab, respec- 
tively. Differences in K D values were not statistically 
different indicating that affinity for EpCAM was 
retained in mu-adecatumumab. To determine whether 
mu-adecatumumab had retained the epitope specificity 
of adecatumumab, EpCAM-expressing B16/EpCAM 
3E3 murine melanoma cells were incubated with a 
non-saturating concentration of mu-adecatumumab 
(4 \ig/m\). In competition binding analyses, increasing 
concentrations of adecatumumab or a human IgGl iso- 
type control antibody were tested for displacement of 
the bound antibody. As determined by flow cytometry, 
adecatumumab effectively competed with mu-ade- 
catumumab for binding to B16/EpCAM 3E3 cells 
while the isotype control antibody had no effect 
(Fig. 1). 

Adecatumumab and mu-adecatumumab show strong 
species-specific differences in ADCC 

We studied the cytotoxic potency of adecatumumab 
and mu-adecatumumab in ADCC assays using human 
and murine effector cells. The human gastric carcinoma 
ceil line KATO III with approximately 1.3 x 10 6 
EpCAM binding sites per cell was employed as target. 
Adecatumumab showed a much higher ADCC activity 
than mu-adecatumumab when unstimulated human 
PBMC were used as effector cells (Fig. 2a). Half-maxi- 
mal lysis (EC 50 ) was seen at a concentration of 
169.6 ng/ml for adecatumumab versus 2,110 ng/ml for 
mu-adecatumumab, resulting in a 12.4-fold potency 
difference. None of the antibodies exerted ADCC 



200 n 




10 1 10° 10 1 10 2 10 3 10 4 10 s 
Competing Antibody Concentration 

Fig. 1 Competition by adecatumumab of mu-adecatumumab 
binding to B16/EpCAM 3E3 cells. B16/EpCAM 3E3 murine 
melanoma cells were incubated with 4 ug/ml of mu-adecatumumab 
followed by binding competition with increasing concentrations of 
either human adecatumumab (dark square) or human IgGl isotype 
control antibody (open square). Mu-adecatumumab bound to B16/ 
EpCAM 3E3 cells was determined by flow cytometry using a fluor- 
escently labeled anti-mouse IgG antibody, and data analyzed with 
Prism software (GraphPad Software Inc.) 
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activity when tested in assays with unstimulated mouse 
splenocytes or NK cells isolated thereof (data not 
shown), which is consistent with published work [12]. 
However, when NK cells pre-stimulated with IL-2 
were used at an E:T ratio of 50:1, adecatumumab 
showed a dose-dependent ADCC activity. Mu-ade- 
catumumab was found to be more efficacious with 
murine NK cells than adecatumumab (Fig. 2b). The 
murine version of adecatumumab induced half-maximal 
target cell lysis at a concentration of 38.1 ng/ml 
and human adecatumumab at 1,664 ng/ml, resulting in 
43.7-fold higher potency for mu-adecatumumab with 
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Fig. 2 ADCC of mu-adecatumumab and adecatumumab with 
human and murine effector cells, a Kato III cells and non-stimu- 
lated human PBMC were co-incubated at a ratio of 1:20 in the 
presence of indicated adecatumumab (filled squares) and mu-ade- 
catumumab (filled triangles) concentrations. Human IgGl (open 
squares) and mouse lgG2a (open triangles) isotype control anti- 
bodies served as negative controls. ADCC activity was measured 
after 4 h. Target cell lysis was determined by PI uptake using flow 
cytometry, b Kato III cells and IL-2 pre-stimulated murine NK 
cells were co-incubated at a ratio of 1:50 in the presence of indi- 
cated adecatumumab (filled squares) and mu-adecatumumab 
(filled triangles) concentrations. Human IgGl (open squares) and 
mouse IgG2a (open triangles) isotype control antibodies were 
used as negative controls. ADCC activity was measured after 
10 h. Error bars show standard deviations of triplicate wells 



murine cells. Human IgGl and murine IgG2a isotype 
control antibodies did not elicit specific ADCC activity 
under either experimental condition underscoring tar- 
get specificity of the antibodies. 

Pharmacokinetic properties of adecatumumab 
and mu-adecatumumab in mice 

Single administration of 300 ug adecatumumab and 
mu-adecatumumab resulted in maximum serum con- 
centrations (C max ) of 119.2 and 204 ug/ml, respectively, 
30 min after i.v. bolus injection into C57BL/6 mice. 
Serum concentrations of the antibodies were well 
detectable until the end of the 28-day study period 
(Fig. 3). Serum concentration versus time profiles for 
both adecatumumab and mu-adecatumumab exhibited 
a bi-exponential curve progression with an early distri- 
bution phase between 0 and 10 h and a terminal elimi- 
nation phase. Despite curve progression looking 
similar for both antibodies, mu-adecatumumab doses 
resulted in constantly higher serum concentration com- 
pared to adecatumumab, which was also reflected by 
higher exposure (AUC Iasl ) values of 519.8 daysug/ml 
for mu-adecatumumab versus 335.9 days -ug/ml for ade- 
catumumab, respectively. The volume of distribution 
(Vz) and the clearance (CL) were calculated with 
5.28 ml and 0.56 ml/day for mu-adecatumumab, and 
with 7.78 ml and 0.86 ml/day for adecatumumab. Both, 
the volume of distribution and the clearance were 
higher for adecatumumab compared to mu-ade- 
catumumab. The elimination rate constants resulted in 
similar distribution half-lives (7^_ alpha ) of 0.27 and 
0.31 days and terminal elimination half-lives (r^. beta ) 
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Fig. 3 Pharmacokinetics of adecatumumab and mu-ade- 
catumumab following i.v. bolus injection in C57BL/6 mice. Twen- 
ty female C57BL/6 mice were intravenously injected with 300 ug 
of adecatumumab or mu-adecatumumab and animals allocated to 
four different groups of five mice each. Different groups were 
alternatingly bled at different time points after injection (pre- 
dose, 0.5, 1 , 2, 4 and 10 h, 1 , 2, 4, 7, 9, 11, 14, 17, 21, 24 and 28 days) 
and serum concentrations of the respective antibodies quantified 
by specific ELISAs. Error bars show standard deviations from 
five different animals per group 
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of 6.21 and 6.57 days for adecatumumab and mu- 
adecatumumab, respectively. 

Establishment of a syngeneic lung metastasis model 
in C57BL/6 mice 

The in vivo efficacy of adecatumumab and mu-ade- 
catumumab was compared side-by-side in an immuno- 
competent C57BL/6 mouse model. We established a 
tumor model with B16 mouse melanoma cells in which, 
following intravenous injection, tumor cell colonies are 
formed in the lungs. In order to render B16F10 cells 
amenable for immunotherapy with human EpCAM- 
specific antibodies, cells were stably transfected with an 
expression vector encoding human EpCAM. Subclone 
B16/EpCAM 3E3 was selected and its EpCAM expres- 
sion determined by saturation binding. Approximately 
2.0 x 10 6 EpCAM binding sites were measured, a num- 
ber which is comparable to the 1.3 x 10 6 EpCAM sites 
expressed on KATO III human gastric carcinoma cells. 
The high-level of EpCAM expression on B16/EpCAM 
cell was found to be stable for at least 6 weeks in cell 
culture even in the absence of selection pressure (data 
not shown). 

For establishment of the animal model, syngeneic 
B16/EpCAM cells were intravenously injected at 
different numbers into C57BL/6 mice and the number 
of tumor colonies in lung tissue counted at different 
time points after inoculation. Conditions under which 
1 x 10 s injected B16/EpCAM cells resulted in an aver- 
age of 80-100 tumor colonies between 21 and 28 days 
after injection were chosen for the following efficacy 
studies. 

Superior anti-tumor activity of mu-adecatumumab 
in immunocompetent mice 
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Fig. 4 Adecatumumab and mu-adecatumumab peak to trough 
levels following repetitive intravenous treatment of C57BL/6 
mice. Ten C57BL/6 mice were intravenously injected with ade- 
catumumab, mu-adecatumumab and human IgG isotype control 
three times a week for four consecutive weeks. A single loading 
dose of 600 ug/mouse followed by maintenance doses of 250 ug/ 
mouse were selected for adecatumumab and for the human IgG 
control antibody. For mu-adecatumumab, a loading dose of 
300 u.g/mouse and maintenance doses of 125 ug/mouse were 
administered. For monitoring peak (filled squares) and trough 
plasma concentrations of adecatumumab and mu-adecatumumab 
(open squares), three animals per group were alternatingly bleed 
before and 30 min after the 3rd, 6th, 9th, 11th infusion as well as 
at the end of the study. Antibody concentrations were deter- 
mined by specific ELI S As 



The single-dose pharmacokinetic profiles of ade- 
catumumab and mu-adecatumumab were used for 
modeling a dosing regimen that would result in serum 
trough levels at or above 30 ug/ml. This concentration 
corresponds to the targeted trough levels for ade- 
catumumab in two ongoing clinical phase II studies. 
Based on PK modeling, a loading dose of 600 ug/mouse 
followed by maintenance doses of 250 jig/mouse three 
times per week were selected for adecatumumab and 
for the human IgG control antibody. For mu-ade- 
catumumab, a loading dose of 300 ug/mouse and main- 
tenance doses of 125 ug/mouse three times per week 
were administered. Following intravenous inoculation 
with 1 x 10 5 B16/EpCAM, ten animals per group were 
treated with the antibodies and serum levels of ade- 
catumumab (Fig. 4a) and mu-adecatumumab (Fig. 4b) 



determined after the 3rd, 6th, 9th and 11th administra- 
tion. Adecatumumab injections resulted in mean peak 
to trough plasma concentrations of 136—41 ug/ml, 
which were close to the expected plasma concentra- 
tions of 150-30 ug/ml during the course of the study. 
Mean peak to trough concentration of mu-ade- 
catumumab were determined with 172-82 ug/ml. 
Although plasma concentrations of mu-adecatumumab 
were somewhat higher than for adecatumumab, the 
overall exposure with both antibodies was considered 
to be in an effective and comparable range. 

Macroscopic inspection of mouse lungs showed that 
both, the human and murine version of the anti- 
EpCAM antibody, led to a strong reduction of tumor 
growth compared to the isotype control (Fig. 5a, b). 
While lungs from mice treated with mu-adecatumumab 
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had very few detectable tumors (Fig. 5a, bottom pan- 
els), small tumors were still visible on lungs from mice 
treated with human adecatumumab (Fig 5a, middle 
panels). Although the size of tumor colonies in human 
adecatumumab-treated mice was smaller than tumor 
size in lungs of animals treated with the human isotype 
control antibody (Fig. 5a), the number of colonies was 
only slightly reduced after adecatumumab treatment 
without reaching statistical significance (Fig. 5b). In 
contrast, treatment with mu-adecatumumab induced a 
highly significant reduction in the number of lung tumor 
colonies by > 85% (P < 0.0001), and the few remaining 
tumor colonies were of very small size (Fig. 5a, b). 



Discussion 

This study shows that the species origin of the Fc por- 
tion of a monoclonal antibody can greatly influence 
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Fig. 5 The effect of mu-adecatumumab and adecatumumab 
on lung tumor colony formation in immunocompetent mice. 
B16/EpCAM cells (1 x 10 5 ) were intravenously injected into 
C57BL/6 mice and animals treated three times a week with the 
indicated doses of adecatumumab, mu-adecatumumab or human 
IgGl control antibody starting 1 h after intravenous B16/EpCAM 
cell injection. Mice were sacrificed on day 26 after B16/EpCAM 
cell injection, a Lungs were filled with tissue teck and digital 
photographs taken, b The number of lung tumor colonies was 
determined macroscopically. While symbols indicate the number 
of lung colonies for one single mouse, the black bar indicates 
means of each group. Asterisks indicate statistical differences 
between treatment and isotype control group < 0.01 as 

determined with Student's Mest) 



anti-tumor activity in a mouse model. The increased 
anti-tumor activity of murine Fcy2a versus human Fcyl 
in a fully immunocompetent mouse model appears to 
be primarily based on enhanced ADCC. This is evident 
from ADCC assays where the version of ade- 
catumumab with a murine Fcy2a portion was much 
more cytotoxic against cancer cells than the human 
IgGl version when murine effector cells were used. 
CDC is unlikely to significantly contribute to the spe- 
cies dependency of anti-tumor activity. Human ade- 
catumumab and murine edrecolomab, two antibodies 
binding with similar affinity to human EpCAM, 
showed identical CDC with human complement [11]. 
Moreover, knock-out of the common y signaling chain 
of FcyRs did almost completely neutralize the anti- 
tumor activities of trastuzumab and rituximab in a 
mouse xenotransplant model, suggesting a small con- 
tribution by the remaining CDC potential in the mouse 
[3]. Lastly, CDC is known to be ineffective with tumor 
cells overexpressing complement resistance factors 
such as CD59 and CD55, which is frequently seen with 
tumor cell lines [5, 8]. This is especially true, as B16 
cells could not be killed by in vitro CDC assays (data 
not shown). 

In mouse models, monotherapy with humanized 
IgGl antibodies rarely shows strong anti-tumor activ- 
ity. While inhibition of tumor take or retardation of 
tumor outgrowth can be achieved, regression of 
established tumors is very difficult to observe. Certain 
monoclonal IgGl antibodies are thought to have 
additional anti-tumor activity through inhibition of 
growth factor signaling or direct induction of apopto- 
sis. Examples are anti-EGFR and anti-HER-2 anti- 
bodies [7, 16]. If their ADCC activity is suboptimal in 
mice due to a human Fcyl domain, the overall cyto- 
toxic activity of such antibodies may be underesti- 
mated. At the same time, the contribution of signal 
inhibition to overall anti-tumor activity will be over- 
rated. This has to be considered when judging the 
potential of a therapeutic antibody candidate. One 
possibility to achieve more reliable information about 
the effector mechanisms and potency of therapeutic 
antibody candidates would be to investigate analo- 
gous murine versions in mouse models. An alterna- 
tive approach could be the development and use of 
genetic mouse models in which the genes encoding 
murine FcyRs are replaced by the respective human 
genes. Given there are three genes for FcyRs, genera- 
tion of such knock-in/knock-out mice will be a major 
endeavor. The use of functionally equivalent murine 
Fc domains is much simpler and will moreover allow 
the use of different mouse strains and models. A yet 
different approach to assess contribution of immuno- 
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logical mechanisms to an antibody's cytotoxic activity 
is the use of F(ab) 2 fragments. In theory, F(ab) 2 frag- 
ments, which still bind target in a bivalent fashion, 
can inhibit tumor growth only by signaling effects but 
not through immunological effector mechanisms all of 
which are thought to reside in the Fc portion of the 
antibody. 

Adecatumumab was shown to lyse tumor cells via 
ADCC and CDC, while no pro-apoptotic or antipro- 
liferative signaling activity has yet been demonstrated 
for this human antibody [11]. Adecatumumab was 
shown to significantly inhibit in nude mice for several 
weeks outgrowth of tumors derived from the subcuta- 
neously inoculated human colon cancer cell line HT-29 
[11]. Because HT-29 cells can be lysed by ade- 
catumumab via ADCC, but not via CDC, only the 
former can account for anti-tumor activity in nude 
mice. Here, we found that human adecatumumab did 
not significantly reduce the number of lung metastases 
compared to an IgGl isotype control in a syngeneic 
mouse model using B16/EpCAM melanoma cells but 
could substantially reduce the size of visible lung 
metastases. This shows that human adecatumumab 
clearly had anti-tumor activity in mice but was rather 
retarding tumor growth than preventing tumor forma- 
tion, analogous to results from the HT-29 subcutaneous 
xenograft model [11]. In contrast, mu-adecatumumab 
showed a very pronounced inhibition of lung metasta- 
ses formation. We therefore postulate that the in vivo 
anti-tumor activity of adecatumumab was thus far 
greatly underestimated in nude mouse models. The 
approach of exchanging human Fcyl with murine Fcy2 
taken here for adecatumumab should be applicable to 
all other human IgGl therapies. In the case of antibod- 
ies with signaling activity, F(ab) 2 fragments should be 
tested in addition in mouse models. 

How predictive is the efficacy seen with a mouse 
antibody in mice for an equivalent human antibody 
in humans? Certainly, fast-growing tumors estab- 
lished in mice from cell lines may only be distantly 
related to the natural, more slowly growing tumors in 
man, which display a higher degree of genetic hetero- 
geneity of tumor cells, and may be different with 
respect to tissue morphology and stromal architec- 
ture. While issues of tumor penetration may be com- 
parable in mouse and man, it may be harder for an 
antibody to control by ADCC a rapidly growing 
tumor in mice than a slowly growing tumor in man. 
Moreover, our present in vitro experiments indicate 
that murine immune cells are much less effective as 
human immune cells in ADCC, as they required for 
activity prolonged IL-2 stimulation, longer incubation 
periods and higher E:T ratios. 
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Aim of the study: Adecatumumab (also known as MT201) is a human recombinant IgGl 
monoclonal antibody binding with low affinity to epithelial cell adhesion molecule 
(EpCAM). To explore safety, pharmacokinetics and pharmacodynamics of adecatumumab, 
a phase I trial in patients with hormone refractory prostate cancer (HRPC) was performed. 
Methods: Twenty patients were treated with two adecatumumab infusions on days 0 and 14 
in cohorts with doses of ten up to 262 mg/m 2 . 

Results: Adecatumumab was well tolerated at all doses tested, and no maximum tolerated 
dose reached. Most adverse events were mild or moderate with pyrexia and nausea being 
most frequent. The highest dose of adecatumumab induced shortly after infusion robust 
and transient increases of TNF-alpha serum levels. At all doses, significant transient 
declines of peripheral natural killer cells were observed shortly after antibody infusions, 
Adecatumumab had a serum half-life of 15 days, and immune responses to the antibody 
were not detected. 

Conclusions: A benign safety profile, long serum half-life and low immunogenicity do 
warrant further exploration of adecatumumab for treatment of EpCAM- expressing 
neoplasia. 

© 2006 Elsevier Ltd. All rights reserved. 



1. Introduction 

EpCAM is a surface glycoprotein expressed on many carcino- 
mas of different origin, including prostate, breast and gastro- 
intestinal cancers. 1 Its presumed biological function is to 
serve as a homotypic, calcium-independent cell adhesion 



molecule. 2 More recent studies have shown that overexpres- 
sion of EpCAM confers an oncogenic phenotype to quiescent 
cells, and is required for the invasive, migratory and prolifer- 
ative potential of certain tumour cells. 3,4 EpCAM may also 
contribute to immune evasion of tumour cells. When ectopi- 
cally expressed or transferred to dendritic cells by tumour cell 
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debris, EpCAM strongly impairs MHC class II-dependent anti- 
gen presentation. 5 Using tissue microarray technology, 3900 
samples from 134 histologically different tumour types and 
subtypes were analysed for EpCAM expression. 6 Particularly 
high and frequent expression was found in patients with 
prostate cancer, consistent with three other immunohisto- 
chemical studies. 7-9 

Because of its overexpression on a wide variety of epithe- 
lial tumour cells, many immunotherapeutic approaches have 
employed EpCAM as target antigen. These include murine 10 
and humanised monoclonal antibodies, 1112 immunotoxins, 13 
and vaccine-based approaches. 14 Most clinical experience to 
date has been gathered with the low-affinity murine anti-Ep- 
CAM antibody edrecolomab (Panorex®). 10 Major limitations of 
this murine antibody are its short serum half-life in man, its 
high immunogenicity and its low effectiveness with immune 
effector cells of human origin. The latter results in consider- 
ably reduced antibody -dependent cellular cytotoxicity (ADCC) 
with human immune effector cells when compared to 
humanised or human anti-EpCAM antibodies. 15 Nevertheless, 
clinical activity was reported for edrecolomab in Dukes C 
colorectal cancer patients in two out of three phase III tri- 
als. 16 ' 17 Moreover, edrecolomab was well tolerated. This is in 
contrast to two humanised anti-EpCAM antibodies, ING-1 
and 3622W94, both of which caused acute pancreatitis as a 
dose limiting toxicity in phase I studies. 1112 It is not known 
whether this acute organ toxicity was due to their higher 
binding affinity for EpCAM, their human IgGl format, recogni- 
tion of a different epitope on EpCAM, or combinations 
thereof. 

Adecatumumab (also known as MT201) is a human, re- 
combinant monoclonal IgGl antibody binding to EpCAM with 
rather low affinity. 15 - 18 Being fully human, adecatumumab is 
expected to be less immunogenic than murine, chimeric or 
humanised antibodies, potentially translating into a lower 
frequency of neutralising antibody responses in patients. 
The human nature of adecatumumab is also expected to re- 
sult in a half-life as observed with other human IgGl, and 
in optimal compatibility with human immune effector mech- 
anisms. Adecatumumab has demonstrated cytotoxic activity 
against tumour cell lines of multiple origins including breast, 
prostate, ovarian, gastric and colon cancers in uitro, 15 ' 19 - 20 in 
an animal model, 15 and ex vivo with human ovarian cancer 
samples. 19 The prime mechanisms of action of ade- 
catumumab are antibody-dependent cellular cytotoxicity 
(ADCC) and complement-dependent cytotoxicity (CDC). 

This is the first phase I study performed with ade- 
catumumab for assessment of safety and tolerability in pa- 
tients with HRPC and to determine pharmacokinetic (PK) 
and pharmacodynamic (PD) properties of the antibody. 



2. Patients and methods 

2.1. Description of study drug 

Adecatumumab is a human monoclonal antibody of the IgGl 
isotype binding with low affinity to EpCAM. 15 The variable 
domains of the antibody were derived from human B cell 
repertoires ensuring closeness to human germline and low- 
est possible immunogenicity. 18 For clinical use, ade- 



catumumab was recombinantly produced by a contract 
manufacturer in CHO cells. The antibody is formulated in 
phosphate-buffered saline at 10 mg/mL antibody and can 
be stored at 4-8 °C for more than 1 year. Preclinical data have 
shown that adecatumumab eliminated prostate cancer cell 
lines 22RV1 and LNCAP by ADCC, while PC3 and DU145 had 
to low an EpCAM level to show susceptibility to ADCC by 
adecatumumab. The antibody was well tolerated in cynomol- 
gus monkeys treated for 3 months with multiple doses up to 
180 mg/kg. 

2.2. Trial design and selection of starting dose 

The starting dose of 10 mg/m 2 was selected based on toxi- 
cology data from two other humanised anti-EpCAM IgGl 
antibodies called ING-1 and 3622W94. Both of these high- 
affinity humanised antibodies had an MTD of 30 mg total 
dose, i.e. approximately 17 mg/m 2 . 11,12 Given that ade- 
catumumab is of the same immunoglobulin isotype as ING- 
1 and 3622W94, we considered it reasonable to start dosing 
of adecatumumab below the MTD of the two clinically tested 
antibodies. A standard 3+3 design was used to escalate by 
increasing the adecatumumab dose with each cohort by 
100%, and in the case of the occurrence of CTC grade 1 or 2 
toxicities, by 60%. Cohort 1 had only two patients. Because 
of the limited amount of available antibody, adecatumumab 
doses had to be restricted to two biweekly administrations 
and a maximum of 262 mg/m 2 (6-7 mg/kg). Continuation of 
the study with newly produced material was not a possibility 
because the production process for adecatumumab for phase 
I material had been terminated in favour of development of a 
new cell line and fermentation process. Nevertheless, main- 
tenance of trough levels for 4 weeks and reaching an anti- 
body dose as used by other IgGl cancer therapies was 
considered sufficient for an initial safety assessment of ade- 
catumumab in man. 

2.3. Study design and patient selection 

This was an open-label, non-randomised, multi-center, dose- 
escalation phase I study in which adecatumumab was admin- 
istered intravenously to patients with advanced HRPC. The 
study objectives were to assess safety, pharmacokinetics, 
pharmacodynamics and the maximum tolerated dose (MTD) 
of adecatumumab in patients with HRPC given as two single 
intravenous (i.v.) infusions at a 2 -week interval. 

Patients aged over 18 with histologically confirmed re- 
lapsed HRPC were enrolled in two centers (Augsburg and Mu- 
nich; Germany). Relapse was confirmed by a continuous 
increase of PSA during two consecutive measurements at 
least 2 weeks apart. Patients with previous monoclonal anti- 
body treatment, a high tumour burden, Eastern Cooperative 
Oncology Group (ECOG) status >2, chemo- or radiotherapy 
within 3 months, CNS metastases, poor life expectancy, other 
severe diseases, or liver, renal or bone marrow dysfunction 
were excluded. Hormonal therapy at entry had to be left un- 
changed during the study. 

Each patient received two i.v. infusions of adecatumumab 
over 30 min separated by 2 weeks provided that there was no 
dose limiting toxicity during or after the first infusion. A total 
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of 20 patients were treated in seven dose cohorts. Two pa- 
. tients were treated with the lowest dose of 10 mg/m 2 and 
three patients each at doses of 20, 40, 64, 102, 164 and 
262 mg/m 2 . 

The study was conducted in accordance with the Declara- 
tion of Helsinki, and Good Clinical Practice. All patients gave 
their voluntary informed consent and signed a consent docu- 
ment that had been approved by the institutional review 
boards of both participating centres. 

2.4. Safety measurements 

Adverse events (AEs) and vital signs were recorded every 
other day until study day 23, and weekly thereafter. During 
infusion, vital signs and oxygen saturation were recorded 
every 5 min, and at longer intervals thereafter. Physical exam- 
ination, clinical laboratory values, ECG, oxygen saturation 
and vital signs were recorded before the start of the study 
and weekly during the treatment and follow up periods. Ad- 
verse drug reactions (ADRs) that occurred after the start of 
the study treatment were graded by the investigator accord- 
ing to NCI Common Toxicity Criteria (CTC, version 2.0). The 
frequency of grade 3 or 4 toxicities (i.e. ADRs or AEs consid- 
ered at least possibly related to the study drug by the investi- 
gator) was evaluated for each cohort with the aim to 
determine a maximum tolerated dose (MTD). MTD was de- 
fined as one dose level below the dose level that caused, in 
at least two out of three patients, a grade 3 or 4 toxicity. This 
toxicity was defined as dose limiting. 



2.5. 



Cell culture 



Chronic myeloid leukaemia cell line K562 was used for deter- 
mination of natural killer (NK) cell activity and derived from 
the American Type Culture Collections (Manassas, VA, USA). 
Cells were cultured at 37 °C in a 5% C0 2 incubator in Iscove's 
modified Dulbecco's medium with 4 mM L-glutamine ad- 
justed to contain 1.5 g/L sodium bicarbonate supplemented 
with 10% fetal bovine serum. (Invitrogen GmbH, Karlsruhe, 
Germany). 



sample collection are depicted in Fig. 1. To determine ade- 
catumumab concentrations, an ELISA-based assay has been 
developed and validated at Micromet. Monoclonal rat anti- 
adecatumumab antibody HD4A4 7B1 (Micromet AG, Germany) 
was coated at a final concentration of 1 mg/mL to a 96-well 
microtitre plate overnight at 2-8 °C. A blocking step was per- 
formed using PBS buffer with 1% BSA. Quality control sam- 
ples, calibration standards and patient samples were diluted 
1:20 and 1:50 in phosphate buffered saline (PBS) containing 
5% and 2% human serum, respectively. Samples were incu- 
bated for 1-2 h at 25 ± 2 °C following washing using an ELISA 
plate washer (Tecan GmbH, Crailsheim, Germany). Next, a fi- 
nal concentration of 5 ixg/mL biotinylated chicken polyclonal 
anti-adecatumumab solution (Davids Biotechnologie, Regens- 
burg, Germany) containing 1% bovine serum albumin (BSA) 
was incubated for 1 h at 25 °C. After washing, 0.5 vg/mL strep- 
tavidin alkaline phosphatase (AP) solution with 1% BSA was 
added and incubated for 30 min at 25 °C. pNPP was then used 
as substrate for AP. Colour intensity of the antibody staining 
reaction was measured in a Power Wave plate reader with a 
405 nm filter (Bio-Tek Instruments GmbH, Bad Friedrichshall, 
Germany). For evaluation of unknown adecatumumab con- 
centrations in patient samples, KC4 software (Bio-Tek Instru- 
ments GmbH, Bad Friedrichshall, Germany) was used. The 
lower limit of quantification of the assay was 200 ng/ml 
serum. 

2.8. Immunogenicity measurements 

Human antibody responses against adecatumumab were 
determined using an ELISA-based assay. Adecatumumab 
(Micromet AG, Germany) was coated at a final concentration 
of 0.2 Mg/mL to a 96-well microtitre plate overnight at 2-8 °C. 
Blocking was performed using PBS buffer with 1% BSA for 
1 h at 25 °C. After washing, negative control serum from 
healthy donors, patient near pre- and post-dose serum as well 
as serum spiked as positive control with serial dilutions of rat 
monoclonal anti-adecatumumab antibody HD4A4 7B1 (Micro- 
met AG, Germany), were transferred to the microtitre plates 
and incubated for 1.5 h at 25 °C. Plates were washed using 



2.6. Pharmacodynamic measurements 

Cytokine levels for gamma-interferon (IFN-y), tumour necro- 
sis factor alpha (TNF-a), and interleukin 1 beta (IL-lp) were 
measured at baseline and frequently throughout the study 
using the Immulite system, an automated solid phase ELISA 
(enzyme linked immunoabsorbent assay) assay (DPC Bier- 
mann GmbH, Bad Nauheim, Germany). Interleukin 2 (IL-2) 
concentrations were measured using a standard ELISA (Beck- 
man- Coulter GmbH, Krefeld, Germany). Prostaglandin E 2 
(PGE 2 ) concentrations were determined using a validated 
commercial ELISA assay (Assay Designs Inc., Ann Arbor, MD, 
USA). 



2.7. 



Pharmacokinetic measurements 



Adecatumumab serum concentration was measured at pre- 
dose and frequently during the treatment and observation 
period in i.v. collected blood samples. Time points of blood 
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Fig. 1 - Serum concentration/time profiles of adecatumumab 
for all seven cohorts. Depicted is the arithmetic mean of 
each cohort. 
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an ELISA plate washer (Tecan GmbH, Crailsheim, Germany) 
followed by an incubation of biotinylated adecatumumab 
(Micromet AG, Germany) at a final concentration of 2 ng/mL 
in PBS containing 1% BSA for 1 h at 25 °C. Detection, staining 
and evaluation was carried out .as described for the ade- 
catumumab pharmacokinetic assay (see above). The assay 
sensitivity was adjusted to an upper limit of 95% negative 
and 5% false positive results to exclude false negative results, 
using samples from healthy donors as well as from a patient 
population (n = 50). Samples for immunogenicity evaluations 
were taken before and after treatment. The lower limit of 
quantitation of the assay was 100 ng/mL. 

2.9. Determination of natural killer cell number and 
activity 

Natural killer (NK) cell numbers were determined at baseline 
and at various time points after treatment using the Simultest 
IMK Lymphocyte Kit (Becton Dickinson GmbH, Heidelberg, 
Germany) following the manufacturer's recommendations. 
Antibody-labeled cells were analysed using a FACSCalibur 
flow cytometer (Becton Dickinson GmbH, Heidelberg, Ger- 
many). CD16/CD56 double -positive peripheral blood lympho- 
cytes, i.e. NK cells, were determined as absolute numbers 
and as a percentage of total blood lymphocytes. 

For determination of NK cell cytotoxic activity, peripheral 
blood mononuclear cells (PBMC) were prepared before and 
at various time points after treatment following conventional 
procedures. PBMC were washed with PBS buffer and resus- 
pended in RPMI medium supplemented with 10% foetal calf 
serum (Invitrogen, Karlsruhe, Germany). K562 target cells 
lacking MHC class I and II molecules were labelled with 3,3'- 
dioctadecyloxacarbo-cyanine perchlorate (Sigma, Aldrich, 
Seelze, Germany), a fluorescent cell membrane dye allowing 
for flow cytometric separation of effector PBMC from target 
cells. Next, 5 x 10 6 PBMC were incubated with 1 x 10 s labelled 
K562 cells at 37 °C over 2 h in RPMI medium in the absence or 
presence of 200 U/mL recombinant cytokine IL-2 (Sigma Al- 
drich, Seelze, Germany). Basal and IL-2 induced NK cell activ- 
ity was monitored by uptake of propidium iodide (PI) dye 
(1 ug/mL) into nuclei of lysed K562 cells. Aliquots of 20,000 
cells were analysed by flow cytometry using a FACSCalibur 
instrument. Cytotoxicity was quantitated as a percentage of 
K562 cell lysis. 

2.10. Clinical and biochemical response measurements 

Tumour lesions were assessed using standard imaging tech- 
niques such as computerised tomography (CT), magnetic res- 
onance tomography (MRT), and standard X-ray before the 
start of study treatment and at day 42. Responses were re- 
evaluated by a reference radiologist. Tumour response was 
denned according to the Response Evaluation Criteria in Solid 
Tumours (RECIST). 

PSA serum levels were determined immediately before the 
start of treatment (day 0) and in weekly intervals thereafter 
until week 6 (day 7, 14, 21, 28, 35, and 42) and at week 10 
(day 70) using an Elecsys instrument and respective reagents 
(Roche Diagnostics, Penzberg, Germany) in a central labora- 
tory. PSA measurements, before the start of the study, were 



performed in local laboratories using various assay proce- 
dures, and were employed to verify PSA. rise. PSA levels at 
baseline were compared to day 42 and, where available, day 
70 values. A 50-79% decline below starting level qualified as 
'partial PSA response', a decline of 80% or greater as complete 
PSA response. PSA doubling time and weekly PSA net produc- 
tion were also assessed. 

2.11. Statistical analyses 

A two-sided sign test was performed based on per protocol 
data to assess whether there were statistically significant dif- 
ferences in the number of peripheral NK cells before and 12 h 
after the first dose, or, independently, after the second dose of 
adecatumumab. Statistical analysis of TNF serum levels was 
performed on all patients' data by a two-sided Wilcoxon rank 
sum test to analyse whether there was a significant difference 
of relative changes of TNF levels between low (1-5) and high 
dose levels (6 and 7). 

3. Results 

3.1. Study population 

Twenty patients with HRPC were enrolled between September 
2001 and July 2002 (Table 1). All cohorts with the exception of 
cohort 5 contained patients from both centres. All patients 
had advanced disease and were extensively pretreated. The 
mean time from first diagnosis was 3.6 years (range: 0.7- 
11.1 years). Twelve patients had tumour stages T3 or T4, and 
in 11 patients (55%) the Gleason score was 5*7. Sixteen pa- 
tients had a radical prostatectomy and all but one patient re- 
ceived hormonal treatment before study inclusion. All but 
one patient with a T4N1 tumour stage had documented met- 
astatic disease. Total PSA levels before adecatumumab treat- 
ment varied between 2.0 and 1400 ngtoiL with a mean PSA 
serum concentration (±SD) of 156.82 (± 324.43) ng/mL. Four 
of the six patients in cohorts 6 and 7 had the highest PSA 
baseline levels in the study. While all 20 patients were evalu- 
able for safety assessment, three patients had to be excluded 



Table 1 - Patient characteristics 



Baseline characteristics 


""-' T ' Value • 


Patient number (N): 


20 


Age (years): mean ± SD (range) 


64.1 ± 5.4 (56-74) 


Prior therapy N (%) 




Chemotherapy 


6 (30%) 


Hormone therapy 


19 (95%) 


Orchiectomy 


6 (30%) 


Radiotherapy 


15 (75%) 


Prostatectomy 


16 (80%) 


PSA levels (ng/ml) 




<4 


2 (10%) 


4-9.9 


4 (20%) 


10-19.9 


2 (10%) 


20-99.9 


7 (35%) 


100-999.9 


4 (20%) 


>1000 


1 (5%) 
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from the per protocol response analysis for concomitant hor- 
monal treatment or chemotherapy. 

3.2. Safety assessment 

Adecatumumab was generally well tolerated at all doses 
administered. No patient discontinued the study medication 
due to an adverse event. The majority of adverse events 
(AEs) were of mild or moderate severity. Only six out of a total 
of 120 AEs were considered severe, of which none were clas- 
sified as related to the study drug by the investigators. Among 
a total of 77 clinical AEs considered to be drug-related by the 
investigators (Table 2), pyrexia was the most frequent (45%) 
followed by nausea (25%), feeling cold, diarrhea and vomiting 
(15% each). Laboratory abnormalities considered as drug-re- 
lated were lymphopenia (25%), elevation in lactate dehydro- 
genase and decrease in activated PTT (20% each), increase 
in transaminases and disorders of white blood cells (15%). 
There was a significant increase in the incidence of adverse 
events per patient in cohorts 6 and 7 versus cohorts 1 to 5 
(p = 0.0003, and p = 0.0001 for the drug-related AE; two-sided 
Wilcoxon rank sum test), suggesting a relationship between 
the dose of adecatumumab and frequency of adverse events. 

Only two patients experienced grade 3 toxicities with a 
possible relationship to the study medication (Table 2). One 



Table 2 - Safety assessment of adecatumumab and 
summary of patients with possible drug-related CTC 
toxicities 



Toxicities Grade 1/2 Grade 3 Total N = 20 



Clinical abnormalities 


(Number of patients with 
toxicities) 


\ Fever 


9 


0 


9 (45%) 


Nausea 


6 


0 


6 (30%) 


Diarrhea 


3 


0 


3 (15%) 


Rigors, chills 


3 


0 


3 (15%) 


' Abdominal pain or 


2 


0 


2 (10%) 


1 cramping 








, Fatigue 


2 


0 


2 (10%) 


Hot flashes / flushes 


2 


0 


2 (10%) 


Sweating 


2 


0 


2 (10%) 


Vomiting 


2 


0 


2 (10%) 


Dyspnea 


1 


0 


1 (5%) 


Palpitation 


1 


0 


1 (5%) 


Salivary gland changes 


1 


0 


1 (5%) 


Laboratory abnormalities 








Hepatic other: LDH 


4 


0 


4 (20%) 


PTT 


4 


0 


4 (20%) 


7-GT 


2 


1 


3 (15%) 


SGOT 


3 


0 


3 (15%) 


SGPT 


3 


0 


3 (15%) 


Alkaline phosphatase 


1 


0 


1 (5%) 


Hematology 








Lymphopenia 


4 


1 


5 (25%) 


Neutrophils/granulocytes 


3 


0 


3 (15%) 


Platelets 


1 


0 


1 (5%) 


Urine analysis 








Hematuria 


1 


0 


1 (5%) 


Proteinuria 


1 


0 


1 (5%) 



was an elevation of glutamate transaminase (y-GT) in cohort 
3 and one a transient lymphocytopenia in cohort 7. No grade 4 
toxicities according to CTC criteria were observed. In contrast 
to what has been observed with high-affinity humanised anti- 
EpCAM IgGl antibodies 1112 adecatumumab did at no dose, 
and at no time point during treatment and follow-up period, 
cause acute pancreatitis. Neither a significant increase of ser- 
um amylase or lipase above baseline levels was observed. A 
total of four serious adverse events were reported in four pa- 
tients. Only one SAE, i.e. prolonged hospitalisation due to fe- 
ver in cohort 3, was considered possibly related to the study 
drug. 

3.3. Immunogenicity 

Sera of all 20 patients were analysed at baseline and at days 
28, 35, and 42 for the presence of human antibodies against 
adecatumumab. Antibodies against adecatumumab were 
not detected at any of the time points. Likewise, there was 
no evidence for a neutralising response to adecatumumab 
from the pharmacokinetic analysis (see Fig. 1), as the serum 
half-life of adecatumumab was not significantly reduced in 
any of the 20 patients after the second infusion of the 
antibody. 

3.4. Pharmacokinetics 

The mean serum concentration and clearance profiles of ade- 
catumumab from all seven cohorts are shown in Fig. 1. The 
main pharmacokinetic parameters of adecatumumab follow- 
ing the second intravenous administration of adecatumumab 
are summarised in Table 3. Dose-linearity for the parameters 
C m ax i AUC T , AUCi ast and AUC in f was evident. Clearance and 
volume of distribution showed no dose dependency and no 
major differences after the first and the second dose were 
apparent. Compartmental analysis was consistent with a 
three compartment model with half-lives of 0.565 days 
(tv2°0, 3.78 (t V2 /?) and 13.3 days (Wz)). The half-life of the ter- 
minal phase is in accordance with the non-compartmental 
analysis, which showed an apparent terminal half-life of 
14.74 ± 4.23 days. The apparent terminal half-life was deter- 
mined to be approximately 7 days for single dose (calculated 
from day 7 to 14) and 15 days for multiple dose administration 
(calculated from days 28 to 42 or 35 to 70). The difference in 
half-life values between first and second dose was a conse- 
quence of the longer evaluation period after the second dose. 
The mean apparent terminal half-life for cohorts 4 to 7, as 
determined between days 35 and 70, was on average 17 days 
(see Table 3). After 70 days, the adecatumumab serum con- 
centrations of all patients from cohort 4 to 7 had not yet 
reached the lower limit of assay quantification of 200 n^mL. 
The T1/2 values derived from such limited time courses may 
underrepresent the true value. 

3.5. Pharmacodynamic effects 

Serum levels of the inflammatory cytokines IFN-y, TNF-ot, 
IL-ip, IL-2 as well as for PGE 2 and C-reactive protein (CRP) 
were determined at various time points after administration 
of adecatumumab. Natural killer (NK) cells were also analysed 
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Table 3 - Multiple-dose pharmacokinetic parameters for adecatumumab 



Multi dose Dose (mg/m 2 ) t x /2 (Day) V ss (L) Cl ss (L/day) C max (ug/mL) AUC T(14 -28) (DayVg/mL) AUC^f (Day ug/mL) 



Cohort 1 


10 


10.01 


11.42 


1.063 


3.4 


22.46 


30.60 


Cohort 2 


20 


10.78 


10.62 


1.168 


8.9 


36.6 


50.94 


Cohort 3 


40 


14.20 


11.88 


1.046 


18.3 


81.7 


131.7 


Cohort 4 


64 


16.95 


11.92 


0.941 


34.7 


158.7 


288.3 


Cohort 5 


102 


16.11 


12.11 


0.878 


51.1 


246.0 


411.0 


Cohort 6 


164 


22.37 


12.78 


0.956 


74.6 


365.8 


601.2 


Cohort 7 


262 


12.77 


9.98 


1.034 


127.1 


563.4 


788.4 


Mean 




14.74 


11.53 


1.01 








SD 




4.23 


0.95 


0.10 








CV 




28.7 


8.2 


9.4 








Min 




10.01 


9.98 


0.88 








Max 




22.37 


12.78 


1.17 








Geo Mean 




14.25 


11.50 


1.01 








Median 




14.20 


11.88 


1.03 









Abbreviations used are: t 1/2 , terminal half life; V SSf steady-state volume of distribution; Clss, steady-state clearance; C max , maximum serum 
concentration; AUC T , area under the curve up to the last measured time point; AUQ nf , area under the curve to infinity; SD, standard deviation; 
CV, coefficient of variation; Min, minimum; Max, maximum; GeoMean, geometric mean. 
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Fig. 2 - Response of TNF-alpha serum levels to adecatumumab infusion and dose, (a) TNF-alpha concentration/time profiles for 
all three patients of cohort 7 are shown. Patients were treated with two 1-h adecatumumab infusions at 262 mg/m 2 , the 
beginning of which are indicated by arrows. Time points after the first antibody dose are shown on the X-axis in days (d) and 
hours (h). (b) TNF-alpha peak levels as reached by all 20 patients following first and second adecatumumab infusions. 
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in detail because they were shown to be key effector cells for 
ADCC as induced by adecatumumab and other human IgGl 
antibody therapies. 21 Here, the total and relative number, 
cytotoxic activity and activation state of peripheral NK cells 
were investigated in response to adecatumumab. 

Transient increases in TNF-a serum concentrations above 
baseline were observed in cohorts 5, 6 and 7. All three patients 
in cohort 7 reached TNF-a peak levels between 206 and 453 
pg/mL In after the first adecatumumab infusion, which re- 
turned to baseline values or below after 8 h (Fig. 2a). All other 
patients in the study did not exceed serum levels of 35 pg/mL 
TNF-a after the first infusion of adecatumumab (Fig. 2b). 
When compared to the TNF-a response in cohorts 1-5, the 
transient TNF-a increase in cohorts 6 and 7 was significant 
(p = 0.0002 at +1 h; two-sided Wilcoxon rank sum test on all 
patient data). The TNF-a increase in response to ade- 
catumumab was thus fast, transient, and dose dependent. 

Transient increases after administration of adecatumumab 
were also observed for IFN-y. Five patients from different co- 
horts had peaks of IFN-y reaching 3-6.8 IU/mL (baseline <1 
IU/mL) between 2 h and 1 day following the first antibody 
dose. No significant change in serum concentration was seen 
for IL-ip. Serum levels of PGE 2 and IL-2 showed random peaks, 
and strong fluctuations were observed for CRP serum levels. 

A time- but not dose-dependent correlation was seen be- 
tween adecatumumab administrations and the absolute and 
relative number of peripheral NK cells. Fourteen of 17 patients 
(82%) in the per protocol analysis set showed a statistically 
significant decline in total NK cell number within 12 h post 
start of each adecatumumab infusion. Declines were statisti- 
cally significant for the first (p = 0.0127) and second infusion 
(p = 0.049; two-sided sign tests). In the vast majority of cases, 
NK cell numbers had returned to baseline when measured 2 
weeks after adecatumumab infusion (data not shown). 

The basal and IL-2-stimulated cytotoxic activity of periph- 
eral NK cells against MHC class I-negative K562 cells and the 
percentage and total number of peripheral NK cells express- 
ing the early activation marker CD69 showed a wide variation 
during adecatumumab treatments (data not shown), but was 
not observed to correlate with dose or administration of 
adecatumumab. 

3.6. Response assessment 

A variety of PSA measurements were performed in this phase I 
study, including biochemical response, PSA-doubling time and 
determination of weekly PSA production. No biochemical re- 
sponse was observed. Although inhibitory effects on PSA dou- 
bling time and weekly PSA production were noted in 
retrospective analyses during adecatumumab treatment (data 
not shown), the low number of patients per cohort, the highly 
variable PSA starting values and the short duration of treat- 
ment altogether reduced the significance of such observations. 

All 20 patients had baseline assessments and 19 had fol- 
low-up assessments of tumour lesions by CT scans. Of these, 
nine patients had measurable target lesions at baseline. 
Tumour response assessment on day 42 showed one partial 
response (PR), six stable and two progressive diseases. The 
partial response could not be confirmed 4 weeks later because 
the patient did not attend the scheduled visit. 



4. Discussion 

This is the first time a human anti-EpCAM monoclonal anti- 
body of low binding affinity has been tested in man. Ade- 
catumumab was generally well tolerated at all doses tested. 
The majority of reported AEs were mild or moderate, and 
reversible. Four adverse events were reported in four patients, 
of which only one was rated as possibly related to the study 
drug by the investigator; and no grade 4 adverse events were 
reported. The significant increase in the incidence of adverse 
events in cohorts 6 and 7 may have been related to the release 
of TNF-a at the highest dose levels. Patients with inflamma- 
tory liver disease might experience de nouo expression of 
EpCAM on hepatocytes. 21 In some patients with pre-existing 
liver enzyme elevations from inflammatory or other liver 
impairments, a further transient and mild increase in these 
laboratory parameters was observed upon infusion of ade- 
catumumab, which could have been related to EpCAM neoex- 
pression on hepatocytes. 

The tolerability of adecatumumab at the highest antibody 
exposure in the present trial is favourable in comparison to 
two high-affinity antibodies called ING-1 and 3622W94. The 
latter have equilibrium dissociation constants in the low 
nano-molar range and have been reported to cause pancre- 
atitis as a dose-limiting toxicity in patients with solid 
tumours. 11 - 12 Both ING-1 and 3622W94 had an MTD of 
1 mg/kg, which may not support sustained serum trough 
levels as reached by other currently approved IgGl cancer 
therapies. Based on the experience with high-affinity anti- 
EpCAM IgGl antibodies, a very careful dose escalation was 
therefore performed in the present study, and serum con- 
centrations of pancreatic lipase and amylase were closely 
monitored. No significant changes of these enzymes oc- 
curred during this study with serum antibody levels ex- 
pected to be sufficient to saturate accessible EpCAM on 
target tissues. 15 Of note, the two high-affinity mAbs ING-1 
and 3622W94 induced acute pancreatitis during antibody 
infusion, while adecatumumab did not even affect basal ser- 
um levels of pancreatic enzymes. No maximum tolerated 
dose was reached yet with adecatumumab but this is not 
uncommon for monoclonal antibody therapies. Antibody 
side effects are mostly target antigen-dependent and will 
be maximal once all accessible target is bound by the anti- 
body. From the current study, it would appear that with re- 
spect to safety adecatumumab is more related to the 
murine IgG2a antibody edrecolomab than to humanised 
antibodies ING-1 or 3622W94, suggesting that high-affinity 
EpCAM binding or recognition of a different epitope rather 
than presence of a human IgGl Fey portion may have been 
responsible for the low tolerability of ING-1 and 3622W94. 
The safety profile of adecatumumab over longer periods of 
time remains to be established. 

Adecatumumab had a serum half-life after repeated injec- 
tion of approximately 15 days, which permits infrequent dos- 
ing of the antibody and facilitates long-term dosing, as is 
possible with other currently approved antibody therapies. 
No antibody responses directed against the human monoclo- 
nal antibody were found during the course of the study. This 
may be explained by the fact that the variable heavy and light 
chain domains of adecatumumab are 95% identical to human 
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germ line sequences due to their origin from human B cell 
repertoires. 18 Yet, larger studies with prolonged dosing are re- 
quired to precisely determine the frequency of a HAHA re- 
sponse to adecatumumab. 

With two doses of 262 m^m 2 given every other week, 
serum levels were achieved for adecatumumab as appear 
necessary for several other therapeutic IgGl antibodies used 
in oncology, including anti-CD20 mAb rituximab (375 mg/m 2 , 
weekly), anti-EGFR mAb cetuximab (400/250 mg/m 2 , weekly) 
and anti-HER-2 mAb trastuzumab (140/70 mg/m 2 , weekly). 
The need for high antibody doses in man is in contrast to 
the relatively high in uitro cytotoxic efficacy of most thera- 
peutic IgGl antibodies. This may be due to a number of 
factors. One is that part of the efficacy of IgGl can be med- 
iated by ADCC, which employs effector cells, such as NK 
cells, bearing the low-affinity Fey receptor (FcR) type III 
(CD16). 21 " 23 It is thus the affinity of IgGl for CD16 and not 
for the target antigen, which is rate-limiting for ADCC. 
The low affinity FcyR/IgGl interaction is further reduced by 
excess serum IgG, which can very effectively compete for 
binding of therapeutic IgGl to CD16. 15,24 High antibody con- 
centrations may also be needed for CDC, which in in uitro 
assays requires antibody concentrations at or in excess of 
10 ug/mL. 15 High antibody titres may furthermore facilitate 
target tissue penetration by creating a steeper concentration 
gradient, compensate for antibody loss by internalisation or 
binding to soluble antigen, and compensate for a reduced 
affinity of antibodies to certain Fey receptors with frequent 
polymorphisms. 22,23 For ongoing phase II studies in prostate 
and breast cancer, the present phase I study helped to de- 
fine 2 mg/kg and 6 mg/kg as dose levels for efficacy testing, 
which approximately correspond to dose levels of cohorts 6 
and 7. 

Because there is no established PD marker in blood for 
cytotoxic IgGl activity, a number of pharmacodynamic (PD) 
parameters were explored in this phase I study. Pre -clinical 
experiments have shown a key role of NK cell-mediated 
ADCC of adecatumumab against human cancer cell lines, 24 
which is why we have focused on determining the number, 
activity and activation state of peripheral NK cells and inflam- 
matory cytokines produced by NK and other immune cells. 
While there was an obvious redistribution of peripheral NK 
cells in response to adecatumumab infusions this was seen 
with all antibody doses and does therefore not provide a dose 
response parameter. Most obvious was a dose-dependent in- 
crease of TNF-a serum levels in response to adecatumumab, 
while other cytokines and mediators tested did not show a 
significant antibody dose-dependent response. Presently, it 
is unclear which immune cell types produced TNF-a in all 
three patients of cohort 7 and much less pronounced in pa- 
tients of cohort 6. By selecting doses of 2 and 6 mg/kg for 
phase II studies, two doses will be tested for efficacy, which 
are different in their capacity to induce TNF-ot in patients. 
This may allow further exploration as to whether a TNF-a ser- 
um response at these dose levels has potential as a PD marker 
for adecatumumab. 
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